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The  physics  of  pulsed  microwave,  or  radio  frequency 
(rf) ,  transmission  through  a  decaying  plasma  column,  is 
studied  experimentally.  A  plasma  column  is  formed  in  Argon 
or  Nitrogen  gases,  to  represent  the  neutral  gas  breakdown  due 
to  an  rf  pulse.  Initially  the  electron  density  of  the  plasBia 
column  is  such  that  the  plasma  electron  f requency^^Xw^}  is 
greater  than  the  microwave  frequency  .  An  rf  pulse 

capable  of  plasma  reionization  is  applied  across  the  plasma 
column  at  varying  tiaies  in  the  plasma’s  decay  phase  (the 
plasma  afterglow)  .  We  have  studied  the  variation  of  the 
transmitted  rf  pulse  characteristics,  pulse  width  and 
anqplitude,  as  a  function  of  the  time  into  the  afterglow.  The 
ionization  frequency  of  argon  by  a  microwave  pulse  is  found 
experimentally  to  be  within  20X  of  the  theoretical  value.  The 
comparison  of  ionization  frequency  is  useful  in  establishing 
the  applicability  of  earlier  cavity  measurements  to  present 
day  open  geometry  systems  used  in  transmission/propagation 
experiments . The  rf  energy  contained  in  the  transmitted 
pulse  is  found  to  reach  half  its  maximum  value  for  afterglow 
times  of  order  50  milliseconds  (argon)  and  1  millisecond 
(nitrogen) .  These  time  intervals  are  consistent  with 
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theoretical  predictions  indicating  that  by  applying  high 
power  pulses  at  less  than  1  stillisecond  intervals  it  is 
possible  to  maintain  the  plasma  density  above  the  cutoff 
density . 

We  have  also  investigated  the  utility  of  high-power 
microwave  interferometry.  This  diagnostic  technique  differs 
from  the  classical  use  of  interferometry  in  that  the 
microwave  signal  used  is  capable  of  modifying  the  medium 
(plassia)  \mder  Study.  In  fact.  the  microwave  pulse  is 
capable  of  changing  the  medium  to  such  an  extent  that  the 
microwave  signal  is  coBq;>letely  cutoff.  This  diagnostic 
technique  requires  that  a  spatial  profile  for  the  plasma 
density  be  supplied  for  the  nxjmerical  solution  of  the 
integral  for  the  phase  shift.  The  resulting  relation  then 
gives  the  tioM  dependence  of  the  phase  shift  or  of  the  plasma 
density.  For  argon,  the  results  of  this  technique  cosipare 
favorably  with  other  in  situ  and  potentially  perturbing 
diagnostic  techniques. 

The  data  for  the  ionization  frequency  for  the  case  of 
nitrogen  do  not  show  the  agreement  found  for  argon.  We  are 
unable  to  resolve  this  disagreement.  However,  we  list 
probable  sources  which  might  contribute  to  the  observed 
differences  in  the  behavior  of  the  gases.  Future  work  is 
necessary  to  examine  these  speculations  snre  critically. 
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Bigb  frequency.  low  to  Moderate  power,  radio  wavee 
(wlcrowavee)  have  been  ueed  routinely  in  telewetry  eyatewa  to 
coaHunlcate  with  and  guide  aircraft  and  apacecraft. 
Microwavea  have  alao  been  uaed  in  apecial  acientiflc  projecta 
auch  aa  echo  ranging.  topological  atudiea  of  planetary 
aurfacea,  and  Modification  of  the  character iatica  of  the 
local  ionoaphere  at  aeveral  locationa  arotind  the  globe.  For 
aoMe  applicationa  in  atMoapheric  atudiea  large  a^lltude 
Microwave  pulaea  are  uaed.  Tranawiaaion  of  large  aaplitude 
pulaea  way  reault  in  ionization  of  the  atMoapheric  gaaea . 
The  large  oaci Hating  electric  fielda  inherent  in  theae 
Microwave  pulaea  accelerate  free  electrona  thereby  loaing 
energy  to  theM.  The  energetic  electrona  collide  with 
neutrala  (atowa  and  Moleculea)  creating  a  plaawa.  If  the 
aaq>lltude  of  the  pulae  ia  large  enough  and  the  pulae  width  ia 
long  enough,  the  nuMber  denaity  of  the  electrona  can  increaae 
very  rapidly  until  it  attaina  a  critical  value  (n^) .  At  thia 
atage  the  plaawa  acta  like  a  reflector  for  the  rewainder  of 
the  pulae.  If  the  time  between  the  pulaea  ia  aufficiently 
large,  the  plaawa  will  decay  and  the  gaaea  will  return  to  a 
neutral  atate.  Therefore,  it  ia  clear  that  only  pulaea  of 
certain  width  and  repetition  rate  can  be  tranawitted  through 
the  atMoaphere.  The  phyaical  proceaaea  involved  in  the 
propagation  and  breakdown  in  air  of  the  abort  burat,  high 
power  Microwavea  are  poorly  ^uideratood  at  preaent.  Thia  ia 
not  aurpriaing  becauae  nonlinear  phenoaena  are  involved.  An 
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•xp«rlMntaI  inwAtitfation  is  useful  in  identifying  and 
understanding  the  aain  physical  processes  that  contribute  to 
the  observed  phenomena. 

In  this  dissertation  we  have  aade  an  atteaipt  to 
understand  the  physics  of  transaission  of  a  pulsed  aicrowave 
signal  through  a  decaying  plasaa,  by  experiaental  aeans. 
Argon  and  nitrogen  gases  are  used  separately  as  transaitting 
aedia.  A  plasaa  coluan  is  foraed  in  each  gas  and  a  aicroaave 
pulse  is  transaitted  across  it.  The  electron  density  in  the 
plasaa  coluan  is  such  that  the  plasaa  frequency  is 
greater  than  the  aicroaave  frequency  (<<*rf )  *  During  the 
plasaa* s  decay  (the  plasaa  afterglow)  a  short  aicroaave  pulse 
capable  of  relonising  the  plasaa  is  transaitted.  We  have 
studied  the  changes  in  the  characteristics  of  the 
transaitted  aicroaave  pulse,  such  as  the  pulse  width  and  the 
aaplitude,  as  a  function  of  the  tiae  into  the  afterglow.  The 
pulse  width  is  used  to  draw  inferences  about  the  ionization 
rate  (the  ionization  frequency) .  The  deteraination  of  the 
ionization  frequency  is  useful  in  establishing  if  the  earlier 
results,  obtaiiied  by  others  froa  cavity  aeasureaents ,  are 
applicable  to  open  systeas  used  in  conte^orary  transmssion 
experiaents.  In  our  experiaent  we  swasure  the  aicroaave 
energy  contained  in  the  incident,  the  reflected,  and  the 
tranSBd.tted  pulses.  The  change  in  the  energy  contained  in  the 
transaitted  pulse  is  indicative  of  the  change  of  the  electron 
nuaber  density  in  the  plasaa  coluan.  The  transaitted 
aicroaave  pulse  energy  data  are  also  useful  in  deteraining 
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the  alniaua  inter-pulee  tiM  eeparation  for  large  aoplitude 
■dcrowave  pulses. 

To  understand  how  this  experiaent  fits  into  conteaporary 
plasaa  physics  research,  we  review  the  various  types  of 
aicrowave-plasaa  interactions.  The  range  of  interactions 
extends  froa  use  of  low  aaplitude  aicrowaves  aui  a  diagnostic 
technique  (standard  interf eroaetry)  to  using  a  single 
aicrowave  pulse  with  sufficient  energy  to  ionise  the  neutral 
gas . 

The  first  type  of  interaction  reported  in  the  literature 

is  the  classic  use  of  a  low  power  aicrowave  source  for 

(1  2) 

aicrowave  interf erosM  try  Low  power  in  this  case 

iaplies  that  the  aicrowave  source  is  unable  to  alter  the 
plasaa  properties.  The  plasaa  density  Bust  be  below  the 
critical  value  corresponding  to  the  aicrowave  frequency  used. 
The  experiaental  arrangeaent  used  in  [1]  is  very  siailar  to 
the  arrangeaent  used  by  us. 

The  second  type  of  interaction  involves  the  transaission 

of  a  aicrowave  pulse  idiich  is  resonantly  absorbed  in  the 

plasaa  region  thereby  increasing  the  electron  nuaber  density 

until  it  reaches  the  critical  value,  thereafter  the  plasaa 

(3) 

region  becosws  a  perfect  reflector  The  experiaental 

arrangeaent  used  in  [3]  is  siailar  to  that  used  in  the 
present  work  but  the  aicrowave  energy  is  not  transaitted 
across  the  plassai  region. 
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Th«  third  type  of  interaction  involves  a  study  of  the 
■icroeaves  scattering  froM  the  plassui  coluan^^^.  The 
experimental  setup  used  is  again  quite  similar  to  that  used 
in  the  present  investigation.  The  difference  lies  in  the  may 
the  plasma  column  is  used.  For  scattering  experiments  the 
plasma  coluam  simply  acts  as  a  diffracting  medium  to  lom 
pomer  microwaves.  The  microwave  signal  does  not  perturb  the 
plasma  in  C4]. 

The  fourth  type  of  microwave-plasma  interaction  relevant 

for  our  review  involves  a  study  of  the  ionisation  produced  by 

a  single  pulse^^  20)^  techniques  have  typically  been 

used  in  these  investigations.  In  one  case,  an  evacuated 

waveguide  is  used  to  carry  large  amplitude  pulses.  Sections 

of  the  waveguide  are  filled  with  a  gas  to  study  the 

ionisation  as  a  function  of  the  amplitixle  of  the  electric 

field  and  neutral  gas  pressure^  *  The  second  method  uses 

e  large  volume  at  atmospheric  pressure.  A  reflector  is  used 

to  act  as  a  second  source.  If  the  incident  and  the  reflected 

waves  are  in  phase,  the  resultant  amplitude  of  the  electric 

field  of  the  microwave  signal  causes  ionisation  inside  the 

(7“ 13) 

region  under  study  Both  of  these  techniques  are 

dependent  on  the  availability  of  seed  electrons  to  initiate 
the  breakdown  of  the  neutral  gas.  The  point  is  that  the  sise 
of  the  interaction  is  so  small  that  naturally  occurring  free 
electrons  may  not  be  present.  To  overcome  this  difficulty, 
/^-emitters  are  used  in  sosw  experiments  .  The  study  of 
such  interactions  has  dosdnated  the  research  for  the  past 
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decade  to  understand  and  appreciate  the  role  played  by  the 
system  parameters.  The  parameters  used  have  a  range  covering 
power  levels  of  watts  to  gigawatts,  frequencies  of  a  few 
hundred  megahertz  (MHz)  to  tens  of  gigahertz  (OHz) ,  pulse 
widths  of  a  few  nanoseconds  to  a  few  microseconds,  and  pulse 
repetition  rates  of  up  to  a  few  kilohertz  (kHz) . 

Standard  theory  indicates  that  once  the  gas  is  ionized 
and  the  plasma  electron  number  density  reaches  the  critical 
value  collate  reflection  of  the  microwave  signal  will 
occtir  Various  research  groups  have 
studied  breakdown  in  laboratory  systems,  with  a  view  to 
Tinders  tending  triiether  scaling  laws  exist.  If  scaling  laws 
exist,  it  may  be  possible  to  specify  the  pulse  width, 
amplitude,  frequency,  and  neutral  gas  pressure  over  the  range 
of  interest,  for  a  given  experimental  setup. 

Solutions  to  the  Boltzmann  equation  have  been  obtained 

(15- 


under  various  approximations,  using  numerical  simulations 
20) 

In  the  absence  of  scaling  laws,  the  physical 
significance  of  the  available  solutions  cannot  be 
appreciated.  From  a  practical  point  of  view  one  has  to 
understand  how  to  propagate  high  power  microwave  pulses 
through  a  decaying  plasma.  The  amplitude  and  period  of  the 
microwave  pulse  are  such  that  the  gas  reionizes  and  forms  a 
plasma  of  density  n^.  In  the  present  investigation,  a  plasma 
column  is  preformed.  It  acts  as  a  medium  for  the 
transmission  of  the  microwaves  srtiich  have  an  amplitude  of  the 
electric  field  comparable  to  that  required  for  the  breakdown 
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of  tho  Tho  platfaa  tbon  allowod  to  decay.  and  the 
tranaaiaaion  characteriatica  of  the  aicroaave  pulae  are 
atiidled.  The  lower  Halt  to  the  inter-pulae  aeparation  is 
clearly  zero.  In  thla  caae  the  electron  denaity  rezalna  at 
the  critical  value  ao  that  aubaequent  aicroaave  power  ia 
reflected.  The  upper  Halt  ia  cloaer  to  a  few  plaaaa  decay 
tiae  conatanta  (about  0.1  aec) .  For  thia  caae,  the  plaaaa  ia 
ao  rarefied  that  the  ^aa  ia  effectively  neutral. 

To  coiq>lete  the  review,  we  wiah  to  point  out  that 

reaearchera  at  the  Loa  Alaaoa  lational  Laboratory  are 

( 18  21) 

atudyin^  the  inverae  problea  ualng  air  They  are 
Inveati^atin^  how  often  one  auat  apply  aicrowave  power  to 
keep  the  plaaaa  at  the  critical  denaity.  They  find  that  a 
greater  than  1  kHz  repetition  rate  (  <  I  aaec  inter-pulze 
aeparation)  ia  required  to  accoapllah  thia.  Thia  value  ia 
within  the  extreae  liaita  diacxiaaed  by  ua  in  the  preceding 
paragraph . 

The  experiaental  aetup  uaed  in  the  preaent  inveatigation 
provldea  ua  with  a  coaplete  freedoa  for  aelecting  any  tiae 
aeparation  betaeen  plaaaa  foraation  and  ad.crowave  pulae 
tranaaiaaion.  Thia  ia  indeed  uaeful,  aince  high  power 
aicrowave  devicea  do  not  currently  have  the  capability  of 
providing  arbitrary  inter-pulae  aeparation.  The  inveatigation 
reported  here  probably  repreaenta  the  firat  atteiq>t  to 
tranaait  a  aicrowave  pulae  through  a  plaaaa,  vdiere  the  pulae 
alao  aodlfiea  the  refractive  index  of  the  aediua. 
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Wm  li«v«  al«o  invatftigated  the  Mrit  of  using  high-powor 
Bicrownvo  intorforoastry  «s  «  diagnostic  tachniqua.  This 
tachniqua  is  aasy  to  iaplaaant.  Tha  nacassary  data  are 
obtained  by  taking  a  fraction  of  tha  incident  and  transaittad 
pulses  to  a  detector  iriiich  provides  a  aaastira  of  the  phase 
difference  bataaan  tha  tao  signals.  Tha  phase  difference 
provides  a  direct  aaasure  of  the  variation  of  the  index  of 
refraction  of  the  aediua  aodified  by  the  aicroaave  pulse.  It 
should  be  eaphasized  that  this  technique  does  not  perturb  the 
boundary  conditions  of  the  systea  under  study.  A  plasaa  is 
extreaely  sensitive  to  the  insertion  of  probes,  ahich  cause 
changes  in  the  boundary  conditions.  In  the  case  of  argon  the 
technique  of  using  high  poaered  aicroaave  interferoaatry  has 
been  found  to  give  results  idiich  agree  aell  aith  those 
obtained  froa  other  in  situ  and  potentially  perturbing 
diagnostic  techniques. 

The  dissertation  is  organized  as  folloas.  In  Chapter  1 
ae  discuss  the  basic  aspects  of  the  standard  theory  of  the 
breakdoan  in  gases  and  reionization.  In  Chapter  2,  ae 
describe  the  vSrious  pieces  of  hardaare  used  to  perfora  the 
aork.  The  description  is  kept  brief.  aore  detailed 
explanations  (or  derivations)  are  given  in  the  appendices. 
For  exaaple,  the  tao  principal  plasaa  diagnostic  techniques, 
naaely  the  double  Langauir  probe  and  the  tao  coil 
conductivity  probe,  are  described  in  Appendices  1  and  2.  In 
Appendix  3,  the  optiaua  aindoa  thickness  for  aicroaave 
transaission  is  calculated.  The  aindoa  is  used  to  introduce 
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th«  Bicrowav*  pulnea  into  th«  vacuum  chaBA>er.  In  Appendix  4, 
me  diacuaa  the  Methods  used  to  calibrate  the  various 
Microwave  devices  used  in  our  experiment.  The  derivation  of 
the  equation  used  to  compute  the  phase  shift,  due  to  the 
microwave  pulse  crossing  the  plasma  column,  is  presented  in 
Appendix  5.  In  Chapter  3,  the  experimental  data  obtained 
by  us  are  presented.  Finally,  we  discuss  the  conclusions 
reached  from  analyses  of  the  data,  and  suggest  questions 
unanswered  by  this  work  idiich  require  further  investigation. 
We  also  discuss  some  suggestions  for  modifications  to  the 
present  experiment. 
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1.  THSOBBTICAL  DISCUSSIOV 


Thi«  chapter  auaMaris**  our  proaont  understanding  of  the 
interaction  between  the  microwave  pulses  and  the  plasma.  The 
breakdown  of  a  gas  is  discussed  and  the  relaxation  processes, 
observed  for  the  atmospheric  ^ases  are  described.  The 
reionisation  process  of  a  decaying  plasma  coltiam  is  also 
discussed. 


1.1  PLASMA  lOMIZATIOS 

The  ionization  of  a  neutral  gas  by  both  cw  and  pulsed 

microwave  sources  has  been  studied  for  over  30  years. 

Typically  experiments  are  done  in  cavities  to  increase  the 

range  of  electric  field  a^litixles.  Soma  free  electrons  must 

be  present  to  be  accelerated  by  the  electric  field  of  a 

microwave  pulse.  These  accelerated  electrons  cause  the 

breakdown  of  the  gas.  In  microwave  propagation 

experiments,  as  one  goes  to  higher  altitude  the  probability 

of  finding  an  electron  increases  due  to  the  increasing 

intensity  of  cosmic  rays  and  ionizing  radiations  from  the 

sun.  Additionally  the  mean  free  path  for  electrons  increases 

due  to  the  lower  particle  density.  This  may  allow  the 

electron  to  reach  a  very  high  energy  in  the  presence  of  large 

amplitude  microwave  signals.  It  is  known  that  each  gas  has 

(22) 

an  optimum  energy  for  collisions  After  exceeding  that 

energy  the  collision  cross-section  decreases  drastically.  One 
would  therefore  prefer  that  a  free  electron  be  available  with 
a  mean  free  path  approximately  equal  to  the  wavelength  of  the 
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incident  mcroiittvvd.  Thltf  procadd  id  dadcribad  by  tha 
continuity  aqtiation  afaich  daald  arith  a  balainca  bataaan  tha 


craation  and  load  procaddaa  of  tha  plaaaa.  If  aora  alactrons 
are  creatad  than  are  lodt  aa  have  an  axponantial  groath  in 
the  electron  nuaber  denaity.  If  loaded  doainate,  the  rate  of 
decay  aill  vary  depending  upon  the  doainant  load  aechaniea. 
Typical  load  aechanidad  include  electron  attachaent 
characterized  by  an  exponential  decay,  and  recoabination 
characterized  by  a  t  ^  decay.  On  a  auch  longer  tiae  dcale 
the  plaaaa  will  diffuaa  out  of  the  region  of  intereat.  For 
exaa^le.  in  Section  3.1  we  present  data  froa  tha  conductivity 
probe  which  indicated  that  >2  plaaaa  decayed  by  electron 
attachaent.  This  phanoaana  had  bean  obaarvad  before  for 


l.H  PLASIU  BKIOaiZATIOa 

The  plaaaa  reionization  procedd  id  beat  deacribad  by 
uding  the  continuity  aq[uation  which  aay  be  written  aa 
follows : 

9n 

-  “V^n-v^n,  (1.2.1) 

at 

where  ie  the  rate  of  ionization  of  neutrals  by  electrons, 
^Im  represents  the  rate  of  loss  of  plasaa  electrons,  and  n  is 
the  electron  nuaber  density.  It  should  be  noted  that  and 

are  not  neceaaarily  ais^ile  coefficients  but  aay  be  coaplex 
functions.  The  loss  of  electrons  by  diffusion  is  neglected 
due  to  the  longer  tiae  dcale  involved. 


iBMdiataly  after  tha  pulse  enters  the  plasaa  the  loss 
SMchanisa  is  still  dominant  and  the  plasma  continues  to 
decay.  After  a  short  time,  the  production  and  loss  processes 
balance  and  the  density  tends  to  remain  constant. 
Aftarmards.  the  rate  of  production  of  electrons  by  micromaves 
exceeds  their  loss  rate.  The  initial  density  determines  the 
fraction  of  the  pulse  that  passes  through  the  plasma 
unchanged.  The  variation  of  the  density  with  tiaie  is  given 
by: 

Vit 

n(t)  -  nQ  e  (1.2.2) 

The  above  equation  is  derived  from  [Bq.  1.2.1]  by  neglecting 
the  plassm  loss  term  and  assusdlng  that  the  ionisation 
frequency  is  independent  of  tine.  The  time  (t^)  required  for 
the  density  to  reach  the  critical  value  (n^)  may  be  obtained 
from  [Bq.  1.2.2]  and  is  given  below: 

‘0  •  (-Is  )  ■ 

The  value  for  nq  depends  on  the  afterglow  time  when  the 

microwave  pulse  is  applied.  The  calculated  value  for  tQ  has 

been  compared  with  argon  data,  and  the  value  of  is  found 
o 

to  be  1.4  X  10  Hs  (see  Chapter  3  for  details). 

lie  can  also  compute  a  value  for  the  collision  frequency 

(22) 

(Vf)  by  using  the  data  from  Brown  on  the  breakdown 

studies  in  cavities.  Brown  has  gro\q>ed  together  data  for  the 

values  of  electric  field  amplitxide.  gas  pressure,  and 

microwave  frequency  for  different  gases.  He  groups  these 

2 

data  by  defining  a  quantity  A  »  D/v^  iriiere  A  is  an  effective 
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diffusion  Ivntftb  and  D  la  tha  diffuaion  coefficient.  The 
2 

quantity  A  ie  given  by  Brown  for  aeveral  gaaea,  including 
argon.  By  computing  the  value  of  D  we  can  determine  the  value 
of  aa  followa.  We  note  that  the  diffuaion  coefficient  ia 
given  by: 


where  v^^  ia  the  average  electron  velocity  in  the  plaana  and 

ia  the  electron  (monentum  tranafer)  colliaion  frequency. 

We  can  co^ute  the  average  electron  velocity  by  iiaing  a 

— (H/T) 

diatribution  function  f  =  ■  e  where  H  la  the  total 

energy  of  the  ayatew,  T  ia  the  thermal  energy  of  the  ayatem, 
and  H  ia  the  normalization  factor  auch  that 

X  f  d^v  d^x  *  1 . 

The  total  energy  of  the  ayatem  during  the  tranait  of  the 
microwave  pulae  ia  given  by: 

H  =  ^mv^  +  qEJ»B  (1.2.5) 

where  m  anC  q  are  the  electron  maaa  and  charge  reapectlvely , 

E  ia  the  electric  field  amplitude  due  to  the  microwave  pulae, 
and  la  the  mean  free  path  for  electron-neutral  colliaiona. 
Ualng  the  fact  that  Jfm  =  v/v,i  and  then  cowpletlng  the  aquare 
for  the  total  energy.  We  find: 

H  =  %  m  (V  ♦  qE/w^.)^  -  H  (qE/v.)^/m  .  (1.2.6) 

To  find  v^y  we  auat  evaluate: 
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-[/»**  <*’»]' 

qB/M'a  .  (1-2.7) 

the  thermal  energy  T  of  the  electrona  in  the  afterglow  is 

orders  of  magnitude  smaller  than  the  energy  of  electrons 

accelerated  by  the  microwave  pulse  and  therefore  dropped  from 

the  equation.  Coad>lnlng  all  the  factors  together  we  obtain 

an  expression  for  in  terms  of  B.  f.  and  A,  given 

below: 


(23) 

IN  know  frow  clnawical  oloctrodynaaica  that 

^^/Aa  ‘  ^  «0  vg.  (1.2.9) 

Where  AP  is  the  amplitude  of  the  rf  pulse,  Aa  is  the 

interaction  area  crossed  by  the  pulse,  cq  is  the  dielectric 

constant  of  free  space,  B  is  the  magnitude  of  the  the 

electric  field,  and  Vg  is  the  microwave  group  velocity.  In 

our  experiment  Vg  %  c.  where  c  is  the  speed  of  light. 

Assuming  that  Aa  is  of  the  order  of  the  cross-section  of  the 

o 

vacuum  chamber  Interaction  region,  we  obtain  Aa*^  nr  lAere  r 
is  the  radius  of  the  plasma  chamber  (7.62  cm).  Bxpressing  E 
in  terms  of  the  power  of  the  pulse  and  the  cross-sectional 
area  of  the  plasma  slab  we  find  that  the  ionization  rate  is 
given  by: 


*'i 
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2  AP 

Aa 


_ 1_ 

«0  ® 


(1.2.10) 


2 

In  our  •xporlMont,  AP  270  kW,  Aa  ^  .018  u  ,  and  e/m  =  1.76 
X  10*'^  coul/kg.  For  argon,  '^lO^®  Hx  and  A  =  .00103  m, 

o 

means  that  •  1.1  x  10  Hz.  The  calculated  value  of 

agrees  quite  well  with  the  experimentally  determined  value 
mentioned  earlier. 

However  it  should  be  noted  that  several  assumptions  have 
been  made  in  the  above  derivation.  They  are  listed  below. 

1.  Microwmve  power  illuminates  the  plasma  column 
uniformly . 

2.  That  the  value  of  a.  argon  (see  App.  1). 

3.  Use  of  the  value  of  A  given  by  Brown  is  valid. 

To  make  the  above  calculations  applicable  to  different 
experiments  we  want  to  parameterise  the  time  to  reionization 
(tq)  by  the  fraction  of  the  incident  pulse  (s  »  t^/r)  that 

traverses  the  plasma  prior  to  the  time  irtien  the  critical 
density  is  reached.  Substituting  the  calculated  value  for 
in  Eq.  1.2.2  leaves  only  one  unknown,  i.e.,  the  density  of 
the  plasma  remaining  after  waiting  for  a  time  t  into  the 

afterglow.  Choosing  «  «  ^  and  using  representative  values 

7 

for  our  experiment  while  using  argon  we  find  that  n^  10 

-3 

cm  Given  that  the  argon  plasma  decays  by  recombination, 

and  that  the  initial  electron  density  is  of  the  order  of  5  x 
13  *3 

10  cm  (see  Section  3.1)  requires  that  the  plasma  must 

decay  for  a  time  t  10  to  30  milliseconds.  This  means  that 

if  microwave  pulses  are  applied  at  a  rate  greater  than  100  Hz 
the  plasma  would  not  decay  enough  between  pulses  to  allow 

propagation  of  one-half  of  the  energy  contained  in  a  square 
pulse. 
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Wm  can  also  calculata  tha  ionization  rato  for  H2>  To  do 

thin,  we  can  use  the  aaa«  value*  for  ■a  •*  we  did  earlier  for 

argon  with  the  exception  of  the  electron  collision  frequency 

O  (22) 

irtiich  we  take  as  e  4  x  10  Hz  .We  find  that  1.7 

O  O  ( 18) 

X  10  Hz.  The  accepted  value  is  1.5  x  10  Hz 

which  Is  not  significantly  different  froa  our  calculated 

value. 


2.  THE  EXPEBIIEITAL  SYSTEM 


The  details  of  the  apparatus  used  to  conplete  this 
experiaent  are  provided  in  this  section.  The  various  pieces 
of  equipsient  needed  to  produce  the  plasaa  coluan  and  to 
generate  the  aicroeave  pulse  are  described.  Also,  we  discuss 
the  various  diagnostic  techniques  eaployed,  details  are 
provided  in  the  appendices.  Since  this  experiswnt  involves  a 
study  of  the  changes  in  the  pulse  shape  of  the  microwave 
signal  passing  through  a  plasma  region  created  by  a  previous 


pulse ,  our 

discussion  begins  with 

the 

erection  and 

the 

geometry  of 

the  plaSBia  column. 

Me 

then  discuss 

the 

diagnostic  techniques  used  lor  measuring  parameters  which 
detersune  the  properties  of  the  plasma  coluam.  A  discussion 
of  the  microwave  source  and  the  radiated  pulse  is  presented 
next.  Finally,  we  discuss  how  a  streak  caswra  is  employed 
to  determine  the  location  of  the  region  where  reionisation  of 
the  plaSBia  occurs. 


2.1  THE  EEPEBIMEIITAL  ABBAMQEMEHT 
The  schematics  of  the  experismntal  set-up  is  shown  in 
Fig.  1.  The  vacuxm  chamber  is  made  of  pyrex  glass  and  has  a 
T-shaped  configuration.  The  diaswter  of  the  tube  of  the 
chamber  is  15.2  cm.  The  vacuum  chamber  is  enclosed  in  a  box 
made  of  anechoic  sheets,  made  by  Advanced  Absorber  Products 
(Type  ML-P) .  The  sheets  are  flat  and  about  5  cm  thick.  They 
have  17  dB  of  absorption  (lor  normal  incidence)  relative  to  a 
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perfect  reflector.  The  anechoic  ebeeta  auppreaa  extraneoua 
■icrotaave  algnala  from  entering  tbe  plaaaa  coluan.  Thereby 
i«e  enaure  that  tranaaiaaion  of  aicrofvavea  through  the  plaaaa 
coluaui  can  be  treated  aa  a  one  diaenaional  problem. 

Typically  the  vacuum  chaimber  la  preaaurized  to  about  2 
Torr  mhen  using  argon  and  about  .5  Torr  eben  uaing  nitrogen. 
The  lomeat  preaaure  obtained  in  the  chamber  uaing  the 
mechanical  pump  ia  about  70  millltorr.  So,  the  impurity 
level  ia  almaya  loss  than  14X  for  nitrogen  and  leaa  than  3.5X 
for  argon.  A  Leybold-Hereua  mechanical  gauge  (model  Diavac- 
V)  ia  uaed  for  the  meaauremant  of  preaaurea.  The  acale  on 
the  gavige  ia  calibrated  to  read  preaaurea  over  the  range  1 
Torr  to  1000  Torr.  A  McLeod  gauge  ia  uaed  to  check  the  acale 
of  the  Olavac  gauge  over  the  range  1  Torr  to  150  Torr.  Alao, 
the  Diavac  gauge  calibration  ia  extended,  by  uaing  the  McLeod 
gauge ,  to  read  preaaurea  between  0.25  Torr  and  1  Torr . 

The  plaama  ia  created  between  two  high  voltage 
electrodea,  about  24  cm  apart.  Me  find  that  tbe  cylindrical 
plaama  column  ia  homogeneoua  over  radial  diatancea  greater 
than  3  cm.  Thia  'doea  not  atrictly  meet  tbe  requirement  for  a 
plaama  alab  approximation  of  X/r  <<  1,  ahere  X  ia  the  free 
apace  wavelength  and  r  ia  a  meaaxire  of  the  radiua  of 
hoBKigeneity  for  the  plaaam  coluarn.  However,  X/r  $  1  irtiich 
crudely  aatiafiea  our  aaaumption.  Meaaurementa  of  the  plaama 
parametera  are  preaented  in  Section  3.1. 

The  coordinate  ayatem  uaed,  aa  ahown  in  Fig.  1,  ia  aa 
followa.  The  origin  (0)  liea  at  the  interaection  of  the 
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,v«Suid« . 


plaflas  coluan  axid  with  the  o«nt«r  lin*  of  the  we 
The  X  axis  pointe  toward  the  grotmded  electrode  and  the  y 
axis  pointa  out  of  the  figure.  Later  in  our  diacxiaaion  we 
aeauaw  that  the  plaawa  forwe  an  infinite  slab  in  the  x-y 
plane,  and  the  direction  of  propagation  (k)  of  the  wicrowave 
pulse  ia  along  the  z  axia. 

The  pulaer  used  to  create  the  plaaaa  coluan  ia  shown 
acheaatically  in  Fig.  2.  The  following  sequence  of  steps  are 
involved  in  its  operation. 

1)  An  AC  voltage  level  is  selected  by  using  a  variac. 

2)  The  AC  voltage  drives  a  power  supply  to  give  a 
proportionate  DC  voltage  ('**  50  Tdc^^ac^  - 

3)  This  voltage  is  applied  to  a  3  |if  capacitor. 

4)  A  trigger  pulse  of  300  V  aapli tilde  and  FWBIf  of  100  ns 
is  used  to  close  the  KB-OB  switch  which  shorts  the 
positive  side  of  the  capacitor  to  ground. 

5)  A  large  negative  pulse  then  appears  at  the  output 
for  10  Msec. 

0)  The  switch  is  typically  triggered  once  per  adnute, 
but  operation  at  a  frequency  of  4  tiwss  per  minute 
has  also  been  used. 


The  reader  should  note  the  awswter  circuit  on  the  positive 
side  of  the  power  supply  is  used  as  a  voltage  monitor. 

The  voltage  (V(t}}  appearing  across  the  electrodes  of 
the  plasma  chamber  is  monitored  through  a  1/1000  resistive 
divider,  displayed  on  an  oscilloscope,  and  recorded  for  later 
use.  The  current  (I(t))  flowing  through  the  plasma  ia 
monitored  through  two  self -integrating  current  monitors. 
Typical  pulses  are  shown  in  Fig.  3.  It  should  be  pointed  out 
that  the  gas  does  not  always  ionise  lasaediately  after 
application  of  the  voltage  pulse  but  may  hold  off  the  voltage 
for  a  finite  amount  of  time  and  then  it  suddenly  ionises. 
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Thi«  ph«noMinon  i«  illustrated  in  Fig.  3  by  three  exeaples 
encountered  in  the  operation  of  the  apparatus.  Each  pair  of 
traces  begins  ehen  the  voltage  pulse  is  applied  to  the 
chaaber.  In  Fig.  3(a)  the  discharge  occurs  about  50  Ms  after 
the  voltage  pulse  is  applied  to  the  chaad>er.  In  Fig.  3(b} 
the  gas  breakdovm  occurs  alaost  iaaediately,  while  in  Fig. 
3(c)  the  gas  breakdown  does  not  occur  until  after  200  ms. 
The  point  is  that  the  tiae  between  the  application  of  the 
voltage  pulse  and  the  breakdown  of  the  gas  is  not 
reproducible.  Therefore  the  beginning  of  the  current  pulse 
serves  as  a  better  reference  point  froa  fAlch  to  aeasure  the 
afterglow  tiae.  The  current  aonitor  provides  accurate 
inforsation  on  the  variation  of  the  current  flowing  through 
the  plasaa.  This  inforaation  is  used  to  obtain  an  estiaate 
of  the  plasaa  iapedance  and  thereby  provides  an  estiaate  of 
the  conductivity  of  the  plasaa,  as  discussed  below. 

Initially,  open-shutter  photos  are  taken  of  hydrogen, 
argon,  nitrogen,  and  rooa-air  plasaas.  They  are  displayed  in 
Fig.  4.  The  hydrogen  and  argon  plasaa  coltians  are  well 
foraed  and  by  varying  the  aperture  of  the  lens  it  is  found 
that  the  coluan  does  fill  the  chaaber.  However,  for  nitrogen 
and  rooa  air,  the  radius  of  the  coluan  is  auch  saaller.  In 
Fig.  4  a  plasaa  coluan  is  shown  for  air  at  a  pressure  of  3 
Torr.  This  is  due  to  the  difference  in  the  ionization 
characteristics  of  nitrogen  and  argon.  For  exaaple.  given 
the  voltage  pulse  available  ($  5  kV)  and  the  electrode 
spacing  in  the  chaid>er ,  the  neutral  gas  pressure  aust  be  less 
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than  50  Torr  for  Argon  and  lass  than  5  Torr  for  Hitrogen  to 

11  «  w  (22,24,25) 

allow  for  braakdoim 

The  open  ahutter  picturea  are  uaed  to  eatiwate  the 

plaaaa  conductivity  (<^)  ,  in  the  following  wanner.  The 

howogeneoua  plaaaa  coluwn  atay  be  approxiwated  by  cylinder  of 

2 

length  1,  croaa-aection  nr  and  uniform  conductivity  (n) . 
The  following  formula  ia  uaed  to  calculate  ff: 

V  1 

B  =  -  =  -  .  (2.1.1) 

I  e  n  r^ 

Where  V  and  I  are  meaaured  with  the  voltage  and  current 
■•onitora,  and  r  la  meaaured  from  the  open  ahutter  photo  of 

the  plaama  coluam.  The  value  of  n  50  to  00  mho/m,  obtained 

in  thin  caae  agreea  with  the  value  of  the  conductivity 

obtained  by  other  methoda  (diacuaaed  in  the  next  aection) , 
within  a  factor  of  three. 

2.2  PLASMA  DIAGMOSTIC  TECmilQUES 
The  principal  dlagnoatica  employed  to  meaaure  the 

varioua  proper tiea  of  the  plaama  column  are  a  double  Langmuir 


probe '26) 

and  a 

two-coil  rf 

(27 

conductivity  probe 

,28) 

The 

Langmuir 

probe 

ia  uaed 

to  inveatigate 

the 

degree 

of 

homogeneity 

of 

the  plaama 

column.  However, 

thia 

ia  not 

a 

trivial  taalK  becauae  the  preaence  of  probea  within  the  plaama 
column  generatea  a  local  perturbation,  aa  diacuaaed  below. 
The  conductivity  probe  meaaurea  the  time  variation  of  the 
plaaoM  conductivity  during  the  afterglow. 
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Tb«  double  probe  eyetea  ie  eboan  ecbeaeticelly  in  Fig. 

5.  The  probe  tipe  heve  a  DC  biae  and  the  current  drawn  by 

the  probe  ie  aeaeured  by  a  eel f -integrating  current 
(29) 

probe  Saaple  data  obtained  with  the  probe  are  ehown  in 

Fig.  6.  The  large  current  aignal  ehown  at  the  beginning  of 
the  pulee  ie  induced  by  the  puleer  and  ie  the  eaae  in  every 
photo.  Tbie  part  of  the  pulee  doee  not  provide  any  ueeful 
inforaation  and  ie  ignored  becauee  the  plaeaa  ie  not  yet  in  a 
eteady  etate.  So  the  aeaeureaente  are  aade  at  pointe  aarked 
by  a  circle  in  Fig.  5.  after  the  epike  eubeidee  10  peec 

froa  the  etart  of  the  trace) .  The  current  ie  neaeured  for 
each  value  of  the  biae  <V)  applied  to  the  probe.  So  we  need 
eeveral  tracee  to  deteraine  the  probe  characterietice . 
Fortunately,  thie  ie  poeelble  becauee  the  plaeaa  coluan  ie 
highly  reproducible. 

The  data  obtained  froa  the  double  probe  are  reduced  in 

the  following  aanner;  detaile  are  given  in  Appendix  1.  The 

curve  ehown  in  Fig.  A1 . 1  ie  adjueted  to  fit  the  data  pointe 
obtained  froa  the  tracee.  ae  deecribed  above.  The  paraeatere 

n 

deterained  are  '  the  ion  eaturation  current  dpi)  nnd  the 
plaeaa  electron  teaperat«D‘e  (T^) .  Tbie  inforaation  ie  ueed 
to  coapute  the  plaeaa  electron  deneity  (n)  at  eeveral  radial 
dietancee  to  eetablieh  the  hoaogeneity  of  the  plaeaa  coluan. 
When  the  probe  ie  on  the  axie  or  at  radial  dietancee  r  $  2  ca 

the  ehape  of  the  plaeaa  coluan  ie  not  deforaed  due  to  the 

preeence  of  the  probe.  Ae  the  radiue  ie  increaeed  (  2  ca  $  r 
i  0  cm)  the  coluan  tende  to  bend  to  keep  the  probe  ineide  the 
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body  of  tho  plmdM.  So  roliable  MaduroBontd  of  of  n  could 
not  bo  aodo  ot  those  lorgor  rodlol  distances.  At  very  largo 
radial  distances  (  r  ^  S  cm) ,  tho  coluam  returns  to  the 
straight  line  path  between  the  electrodes.  The  data  obtained 
with  the  probe  can  be  represented  analytically  as  follows: 

n(r)=no«(l  -  <**/**wall>^)  (2.2.1) 

irtiere  Pwall  radius  of  the  pyrex  chaid>er  and  has  a 
value  of  7.82  cm.  This  representation  has  been  found  to  be 
valid  for  a  similar  setup  by  Jones  and  Wooding^^^.  Equation 
2.2.1  indicates  that  n  is  reduced  by  lOZ  at  a  radial  distance 
of  about  4.3  cm.  One  can  therefore  consider  the  plasma 
column  to  be  quite  homogeneous  for  radial  distances  of  less 
than  3  cm. 

Given  that  one  is  able  to  generate  a  homogeneous  plasma 
column  for  the  microwave  pulse  to  transverse,  one  wants  to  be 
able  to  monitor  the  decay  of  n  during  the  afterglow.  In 
principle  the  double  Langmuir  probe  is  able  to  monitor  the 
density  decay,  however  the  circuit  available  has  limited  time 
to  coi^>lete  thS  required  measurement.  The  solution  to  this 
problem  is  to  rebuild  the  circuit  used  to  measure  the  current 
drawn  by  the  probe,  or  else  one  could  use  a  diagnostic 
technique  that  does  not  have  the  limitations  or  cause  the 
perturbation  of  the  plasma  column  ais  the  double  Langmuir 
probe  does.  A  choice  was  made  to  use  a  2-coil  conductivity 
probe.  The  response  of  the  probe  is  based  on  the  conductivity 
of  the  Bwdium  (vdiich  is  proportional  to  n)  encircled  by  the 
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prob*.  Moreover,  the  probleae  aeeociated  with  perturbing  the 
pleeae  eoluan  ae  diacuaeed  above  for  the  double  Langauir 
probe  are  circuavented.  One  aleo  overcoaes  the  liaitation  on 
how  long  the  probe  can  be  ueed  to  aonitor  the  plaeaa  eoluan. 

The  conductivity  probe  ifl  shown  in  Fig.  7.  It  is 
coaq>osed  of  three  diaaagnetic  loops.  The  center  loop  is 
driven  by  a  constant  current  oscillator.  The  loop  generates 
a  aagnetic  field  tdiich  threads  the  outer  two  loops  and 
induces  a  voltage  in  thea.  The  two  loops  are  of  opposite 
helicity,  therefore.  they  have  the  opposite  sign  voltage 
developed  across  the  coaxial  cables  used  to  fora  the  loops. 
These  opposite  voltages  are  then  subtracted,  and  the 
difference  voltage  is  displayed  on  an  oscilloscope.  The  two 
signals  are  subtracted  to  reaove  any  capacitive  coupling 
between  the  center  loop  and  either  of  the  outer  loops. 

The  induced  voltage  is  a  function  of  the  conductivity, 
idtich  nay  vary  with  tiae  and  space,  of  the  nediun  inserted 
within  the  probe  assend>ly.  the  frequency  (f)  of  the 
oscillator  used  to  drive  the  center  coil,  and  the  inner 
radixis  of  the  loops.  If  the  conductivity  or  the  density  of 
the  swdiua  is  hoaogeneous  over  the  radius  of  the  probe  then 
the  calculation  is  greatly  siaplified  (see  discussion  in 
Appendix  2) .  Me  find  that  the  induced  voltage  is  a  function 
of  the  product  f s .  For  the  present  application,  s  is  only  a 
function  of  tiae  and  all  other  parasnters  are  constants. 
This  allows  one  to  aonitor  the  decay  of  the  plasaa  for  tiaes 
approaching  a  few  Billiseconds. 
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Th«  thre«  collH  of  tho  probo  ar«  built  on  a  dielectric 
frame  of  inner  radiue  2.54  cm.  The  frame  baa  three  groovea 
cut  on  the  outaide  to  hold  tho  loopa ,  ediich  have  radii  (b)  of 
2.61  cm.  The  above  aaaeodsly  ia  inaerted  into  an  outer  aleeve 
of  the  aame  dielectric  material  that  ia  uaed  to  make  the 
inner  frame.  Theae  dielectric  piecea  help  inaulate  the  loopa 
from  the  large  current  pulaea  that  lead  to  the  creation  of 
the  plaama  column. 

The  plaama  conductivity  ia  determined  by  meaauring  the 
ratio  of  the  voltage  (T)  induced  in  the  receiver  coila  with  a 
homogeneoua  medium  preaent  (a  >  0)  of  radiua  leaa  than  b  and 
the  voltage  (Vq)  induced  in  the  coila  when  no  medium  ia 
preaent  (a  =  0) .  Inatead  of  aolving  Eq.  A2.0  for  the  product 
fff,  which  involved  inveraion  of  varioua  Beaael  functiona  (aee 
Appendix  2) ,  one  can  aiiqily  calculate  the  valued  of  V/Vq  for 
a  range  of  valuea  of  the  producta  fa ,  and  obtain  a  graph 
ahown  in  Fig.  A2.1.  For  a  meaaured  value  of  the  ratio  V/Vq 
one  determined  the  value  of  the  product  fa  from  the  graph. 
Knowing  the  frequency  of  the  driver  coil,  one  then  deteraiinea 
a  or  vice  veraa.'  To  obtain  reaaonable  accuracy  for  the  value 

g 

of  T/Vg ,  the  product  af  muat  lie  in  the  range  10  Hz-mho/m 
to  10^^  Hz-mho/m. 

The  accuracy  of  the  meaaurementa  made  by  the 

conductivity  probe  ia  verified  by  inaerting  cylindera  of 
(30) 

POCO  graphite  into  the  probe  aaaembly.  Theae  cylindera 

have  uniform  conductivity  vdiich  may  be  calculated  from  total 
reaiatance  determined  with  a  mllli-ohmmeter .  The  two  aeta  of 
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ar«  found  to  agroo  within  a  wargin  of  ±  lOX. 

Hhan  the  probo  la  uaad  in  tha  plaawa  chawbar,  tha 
voltaga  output  of  tha  oacillator  (not  shown)  and  tha  voltaga 
pickad  up  by  tha  racaivar  coils  ara  racordad  on  a  dual  baaa 
oscilloscopa .  as  shown  in  Pig.  8.  Tha  data  is  a  doubla 
axposura  ovarlay  of  tha  signal  without  tha  plasaa  coluan  (Vq) 
and  tha  signal  with  tha  plasaa  coluan  (T) .  Tha  driver  coil 
signal  is  aonitorad  to  saJca  sura  that  tha  plaSM  does  not 
change  tha  output  of  tha  oscillator  during  the  pulse.  Tha 
racaivar  signal  shows  tha  outer  envelope  (Tq)  and  tha  inner 
envelope  (T)  as  functions  of  tha  plasaa  afterglow  tiaa. 
Since  one  can  aaasura  tha  ratio  of  P/Vq  ^  ^  function  of  the 
afterglow  tiaa  wa  can  than  dataraina  the  conductivity 
directly.  This  allows  us  to  know  tha  value  of  n  at  ariiich  tha 
aicrowava  pulse  is  transaittad  across  tha  plasaa  coluan,  this 
value  of  n  is  tha  paraaetar  sq  used  in  Eq.  1.2.2. 

Tha  digitised  iaage  shown  in  Fig.  8  is  raprasantativa  of 
tha  decay  of  e  for  any  relaxing  plasaa.  Tha  figure  shows  tha 
envelopes  of  tha  oscillator  output  idiich  is  greatly  perturbed 
during  the  currant  pulse  which  foras  tha  plasaa  coluan. 
After  tha  currant  pulse  subsides,  wa  begin  to  aonitor  the 
afterglow  of  tha  plasaa  coluan.  Tha  relaxation  of  tha  inner 
anvalopa  (▼)  to  tha  outer  envelope  (Yq)  is  indieatiya  of  tha 
aachanisa  by  which  tha  plasaa  coluan  returns  to  tha  neutral 
state.  Tha  tiaw  required  for  tha  relaxation  will  vary  with 
tha  neutral  pressure  of  tha  gas  in  use.  This  siaply  aaans 
that  as  tha  ratio  of  plasaa  electrons  to  neutral  atoas  or 


25 


■olvculetf  d«creajtfe«  the  pladaa  will  decay  fad ter. 

2.3  A  9.0  OHc  MAOMETBOM  SOUBCE 

The  aource  uaed  to  generate  the  microwave  pulse  during 
the  plasma  afterglow  is  described  in  detail  in  [311.  The 
operation,  power  and  frequency  variability,  reproducibility, 
and  diagnostics  are  discussed  below.  The  source  produces  a  % 
mv,  180  ns  pulse  (45  mJ  per  pulse) .  The  frequency  range  is 
8.5  flWe  to  9.6  GHz.  The  electric  field  transad.tted  across 
the  plassa  coliimn  is  approxismtely  equal  to  that  needed  to  to 
ionize  the  neutral  gases  used  in  the  experiment  ($  1  kV/csO  . 

The  microwave  source  is  a  magnetron  tube  (Tarian  Model 
5780)  that  has  two  DC  power  supplies.  The  original  supply 
used  with  the  unit  has  a  6  kT,  100  mA  DC  output  which  charges 
a  resonant  LC  circuit,  the  circuit  doubles  the  voltage 
applied  to  the  magnetron  tube  for  all  pulses  but  the  first. 
The  resonant  circuit  is  designed  for  1  kHz  operation.  This 
supply  is  useful  for  characterization  of  the  rf  source. 
However,  the  first  pulse  is  less  than  half  of  the  required 
asplitude  and  is  not  adequate  for  single  shot  operation 
during  the  aftex^glow. 

The  solution  to  the  problem  of  the  pulse  amplitude  is 
simply  to  double  the  DC  voltage  output  applied  to  the 
magnetron  tube.  A  new  power  supply  has  been  built  with  a 
maximum  20  kY,  5  mA  DC  output.  The  power  supply  is  typically 
only  used  up  to  12  kV,  5  mA  DC  output  vdilch  is  equivalent  to 
operation  at  0  kV  with  the  1  kHz  supply.  As  a  result  full 
power  is  directly  obtained  for  each  pulse,  but  at  a  much 
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lower  repetition  rate  ($  2  Bz) . 

The  calibration  of  the  aagnetron  output  power  (measured 
incident  power)  is  shown  in  Fij.  0.  This  calibration  uses 
the  single  pulse  power  supply.  If  one  wanted  the  equivalent 
power  with  the  1  kHz  power  supply  one  would  use  half  the 
voltage.  The  graph  shows  that  for  a  low  value  of  the  voltage 
very  little  power  is  generated.  As  the  voltage  increases 
the  beam  has  enough  energy  to  balance  the  Lorentz  force.  The 
beam  then  begins  to  circle  the  cathode  and  resonates  with  the 
slow  wave  structure.  At  higher  voltages  the  force  due  to  the 
electric  field  exceeds  the  Lorentz  force  and  the  beam  begins 
to  go  directly  to  the  anode.  At  these  high  voltages  the  beam 
bunching  does  not  improve  and  one  does  not  gain  much  in  the 
radiated  microwave  power.  The  reproducibility  of  the 
magnetron  pulses  la  quite  impressive.  This  makes  the 
coaq>arison  of  data  in  the  afterglow  much  cleaner.  Fig.  10 
shows  an  overlay  of  several  pulses. 

The  tunabillty  of  the  frequency  is  shown  in  Fig.  11. 
The  frequency  is  continuously  varied  by  tuning  vanes  in  the 
slow  wave  structure.  The  data  shown  are  obtained  by  two 
different  methods.  The  first  method  involved  heterodyning, 
in  lAich  one  measiires  the  absolute  value  of  the  frequency 
difference  from  a  known  oscillator  frequency.  The  second 
method  uses  a  polar  frequency  discriminator.  The 
discriad.nator  technique  provides  two  differential  signals. 
One  is  proportional  to  the  sine  and  the  other  is  proportional 
to  the  cosine  of  the  product  At,  ehere  At  is  a  time 
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difference  of  two  ceblee  used  on  the  input  of  the 
diecr iwinator .  The  ratio  of  the  two  voltagee  gives  the  value 
of  the  tangent  of  6t.  This  weans  that  the  tiae  variation 

of  the  ratio  will  give  us  the  tine  variation  of  when  a 

known  At  is  used. 

The  antenna  system  used  to  radiate  the  microwave  pulse 

has  been  shown  in  Fig.  1.  The  incident  power  is  swasured  by 

using  a  calibrated  pickoff  from  a  waveguide  narrowwall 

directional  coupler  followed  by  a  calibrated  attenuator  stack 

and  a  calibrated  crystal  diode  detector.  The  reflected  power 

is  also  measured  with  a  calibrated  broadwall  directional 

coupler,  calibrated  attenuator  stack,  and  calibrated  crystal 

diode  detector.  The  calibration  gives  the  frequency  and 

power  response  for  the  components  used.  The  calibration 

(32  33) 

process  is  discussed  in  appendix  4  *  The  rf  pulse  is 


radiated  by  a 
• 

modest  gain 

(17.5  dB) 

pyramidal 

.  (34) 

horn 

The 

horn 

provides 

for  good 

transmission  from  the 

waveguide 

to 

free 

space . 

Sample  data 

are  shown 

for  argon 

in  Fig.  12 

and 

for 

nitrogen 

in  Fig.  13 

,  f  or  the 

incident 

and  reflected 

power 

pulses. 

The  vacuum  window  used  meets  the  condition  that  the 

2 

reflection  is  minimum  (actually  IRI  =  0) .  The  requirement 
for  the  window  thickness  (d)  is  given  by: 

k  d  =  n  (2.3.1) 

where  k  «  2  n  n/X ,  n  is  the  refractive  index  at  the 

frequency  of  the  magnetron,  X  is  the  free  space  wavelength, 
and  i  is  an  integer.  This  equation  shows  that  the  plate  must 
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taav*  A  tbicknefltf  aqual  to  an  integral  nuaber  of  balf- 
eavelengtba  in  tbe  dielectric  for  good  tranemiaaion  (aee 

/  3S)  2 

Appendix  3)  Tbe  condition  on  IBI  ia  well  set  becauae 

■eaaured  nuabera  on  tbe  incident  and  reflected  power,  in  tbe 

abaence  of  plaaaa.  are  typically  ?  200  kW  and  $  3  kW 

reapectiv'ely  ($  2%  reflection)  . 

Cbangea  in  tbe  afterglow  plaaaa  due  to  tbe  alcrowave 

pulae  are  obaerved  by  aonitoring  tbe  tranaaitted  pulae 

aeaaured  on  tbe  far  aide  of  tbe  plaaaa  coltian.  Tbe 

trauiaaltted  pulae  ia  aeaaured  by  uaing  a  atandard  gain  born 

(to  iaprove  tbe  directivity)  wfaicb  ia  followed  by  a 

calibrated  broadwall  directional  coupler,  calibrated 

attenuator  atack,  and  a  calibrated  cryatal  diode  detector. 

In  typical  uae,  tbe  tranaaitted  aignal  ia  about  10  dB  down  in 

aiq>litude  froa  tbe  incident  aignal  when  propagated  in  neutral 

gaa.  Saaple  data  are  alao  ahown  in  Fig.  12  for  argon  and 

Fig.  13  for  nitrogen.  The  reader  ahould  note  that  the 

tranaaitted  pulaea  track  the  incident  pulaea  very  well  for 

both  gaaea ,  in  the  abaence  of  a  plaaaa  coluan. 

A  new  diagnoatic  tool  waa  added  after  diacxiaaiona  with 
(21) 

colleaguea  at  LABL.  A  aicrowave  Mach  -  Zebnder 

interf eroaeter  ia  created  by  taking  parta  of  the  incident  and 

tranaaitted  pulaea.  Tbe  reference  aignal  coaea  froa  the 

incident  pulae,  aa  ahown  in  Fig.  14.  The  aignal  ia  fed  into 

the  local  oacillator  (LO)  port  of  a  double  balanced 
C 

aixer  The  aaaple  aignal  la  taken  froa  the  tranaaitted 

pulae.  Thia  aignal  la  fed  into  the  BF  port  of  the  double 
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balanced  mixer.  The  intermediate  frequency  (IF)  port  of  the 
double  balanced  mixer  in  then  recorded  on  an  oscilloscope. 
The  IF  port  shoes  the  difference  in  the  phases  of  the  LO  and 
RF  signals.  The  phase  difference  in  the  absence  of  the 
plasma  column  is  given  by: 

=  ((2n/X)  nxpf  ♦  #0^  “  ((2n/X)  x^©  ♦  <)o> 

=  (2n/X)  (nxp£  -  xio)  (2.3.2) 

where  X  is  the  magnetron  wavelength,  x^f  and  x^^  are  the  one¬ 
way  path  lengths  for  the  respective  section  of  the 
interferometer,  n  the  index  of  refraction  of  the  medium  in 
trtiich  the  microwave  signal  propagates  (  n  -  1  without  a 
plasma) ,  and  is  the  initial  phase  of  the  wave  from  the 

magnetron.  To  siigq>lify  the  reduction  of  the  data  to  be 

(37) 

acquired  with  this  technique,  a  coaxial  phase  shifter  is 

added  to  the  reference  arm  of  the  interferometer  to  obtain  a 
null  result  «dien  the  plasma  column  is  absent.  Using  this 
phase  shifter  to  offset  any  physical  path  difference 
xio)  without  the  plasma  column,  insures  that  any  change  in 
the  measurement  is  due  only  to  the  presence  of  the  plasma 
column . 

The  interferometer  is  considered  to  be  balanced  when  the 
phase  difference  is  eqxial  to  an  integral  nusd>er  of 
wavelengths.  A  sample  of  a  balanced  interferometer  signal  is 
shown  in  Fig.  15.  The  initial  and  trailing  spikes  are  due  to 
variation  in  f  (or  X)  from  the  magnetron  during  the  pulse 
turn  on  and  turn  off.  The  central  part  of  the  pulse,  irtien  the 
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frequency  ie  etable,  repreeente  the  portion  that  la  balanced. 
The  Manured  phaae  ahift  ia  alao  coapared  with  a  calibration 
curve.  The  curve  ia  generated  by  tranaaitting  the  aagnetron 
pulae  acroaa  the  vacuum  chamber  without  plaaM  being  preaent 
and  xiaing  the  phaae  ahifter  to  vary  the  indicated  phaae 
change.  The  phaae  ahifter  adjuataent  ia  in  deg/GHz.  The  x- 
axia  given  the  netting  in  deg/OHz  multiplied  by  0  GHz.  the 
frequency  of  the  magnetron.  The  voltage  output  by  the  double 
balanced  mixer  ia  plotted  along  the  y-axia ,  and  ia  Manured 
during  the  middle  part  of  the  Mgnetron  pulae. 

The  change  in  n  of  the  Mdium  (i.e.  the  plaama  column) 

My  be  determined  in  two  waya  by  uaing  the  interf eroMter . 

One  My  Manure  the  voltage  output  by  the  IF  port  of  the 

double  balanced  adxer ,  and  then  uaing  the  calibration  curve 

of  Fig.  16  determine  the  phaae  ahift  from  the  balanced 

condition.  One  may  alao  balance  the  Interf eroMter  output  in 

the  preaence  of  the  afterglow  plaama,  then  the  difference  in 

aettinga  of  the  phaae  ahifter  for  balance  with  and  without 

the  plaaM  column  givea  the  phaae  ahift  directly.  Once  the 

change  in  n  ia  found  it  ia  poaaible  to  obtain  inforMtion  on 

the  average  denaity  acroaa  the  diaMter  (L)  of  the  plaaM 
(1  2) 

column  ’  The  calculation  ia  carried  out  aa  followa: 

»  dz  (  ko  -  k  ) ,  (2.3.3) 

JQ 

^  «v  V 

where  ko  =  2  n/X,  k  ~  Ilq  n,  and  n  =  (  1  -  n(z)/nc)  ,  n(z) 
ia  the  denaity  variation  along  the  diauMter  of  the  plaaM 
column,  and  n^  in  the  cutoff  denaity  for  microwave  radiation 
of  frequency  f.  The  interf eroMter  ia  uaed  to  determine  the 
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tioM  variation  of  tho  averaged  plaeiaa  density.  The  data  from 
the  interf eroaeter  ia  later  coapared  with  that  obtained  from 
the  conductivity  coila. 

The  power  aeaaurementa  and  the  interf  eroawter 
■eaaureaienta  are  all  carried  out  during  the  plaawa  afterglow. 
In  order  to  obtain  the  data  at  any  point  in  the  afterglow,  a 
atable  reference  time  (tQ)  ia  needed.  Thia  ia  taken  to  be 
the  time  «dien  one  obaervea  the  onaet  of  the  current  acroaa 
the  electrodea.  indicating  that  a  ateady  plaama  column  haa 
formed.  Thia  ia  indicated  by  a  voltage  aignal  from  a  current 
monitor  on  the  negative  high  voltage  electrode,  aee 
diacuaaion  in  Section  2.1.  The  timing  circuit  ia  ahown  in 
Fig.  17.  The  amplifier  uaed  for  the  current  monitor  haa  a 
high  impedance  (1  MD)  and  doea  not  load  down  the  aignal.  The 
voltage  aignal  in  addition  triggera  a  Lecroy  digital  delay 
generator  with  a  apecified  time  delay,  ranging  from  100  na  to 
1.5  aec.  The  delayed  pulae  haa  an  amplitude  of  5  volta  and 
ia  uaed  to  to  trigger  an  HP  214A  pulae  generator.  There  are 
two  diatinct  pulaea  available;  aa  ahown  in  Fig.  17.  One  ia 
uaed  to  trigge#  the  magnetron,  and  the  other  ia  fed  to  a  4- 
way  aplitter  that  providea  pulaea  for  diagnoatic  purpoaea , 
and  ahown  in  Fig.  17.  The  tiaie  aequence  of  operationa 
carried  out  during  each  meaaurement  ia  ahown  achematically  in 
Fig.  18.  The  time  gap  between  application  of  the  high 
voltage  to  the  electrodea  and  tQ  repreaenta  the  uncertainty 
in  the  breakdown  of  the  neutral  gaa ,  diacuaaed  in  Section 
2.1. 
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2.4  THB  STBEAK  CAMBRA 


(38) 

The  Streak  Caaera  ie  uaed  to  obtain  spatial 
infornation  of  a  qualitative  nature  on  the  location  of  the 
plasBA  reionization  region  during  the  transaission  of  the 
■icroeave  pulse.  It  is  coiq>osed  of  a  Baaaaatsu  TeBq>oral 
Disperser  (aodel  C1330)  .  Haaaaatsu  Tesqporal  Analyzer  (aodel 
C1440-03)  with  a  Hanaautsu  SIT  caaera  (aodel  ClOOO-18) .  The 
caswra  is  tiaed  to  iaage  a  section  of  a  line  between  the 
lucite  window  and  the  plasaa  coluan  during  transsUssion  of 
the  aicrowave  pulse.  The  caaera  setup  and  'periscope* 
apparatus  are  shown  in  Fig.  19.  The  latter  consists  of 
several  airrors  shown  in  the  diagraa  connected  by  dashed 
lines,  which  also  Indicate  the  light  path. 

The  periscope  systea  is  aligned  by  splitting  a  1  m/H,  He- 
Ve  laser  beaa  as  in  a  Michelson  interf eroaeter .  One  path  is 
aligned  with  the  center  of  the  caaera  input  slit,  and  the 
other  is  directed  by  a  six  eleaent  periscope  of  airrors  to 
the  vacuua  chaaber.  The  isage  of  the  laser  can  be  aoved 

a 

along  the  z-axis  (Fig.  1)  froa  the  lucite  window  to  the 
plasaa  coluan.  In  fact  this  adjustaent  is  needed  because  the 
iaage  recorded  by  the  entrance  slit  to  the  caaera  allows  only 

a 

about  10  ca  along  the  z-axis  to  be  iaaged  at  a  tiae.  The 
streak  caaera  (Tesqioral  Analyzer)  is  used  in  the  *Qate  B* 
aode.  This  aode  is  used  whenever  the  user  needs  coaplete 
control  of  all  the  caaera  functions.  The  user  achieves  this 
control  of  the  caswra  by  asking  the  proper  selections  on  the 
control  panel,  and  by  providing  tiaing  and  control  pulses 
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from 

a  pulae  generator 

that  open 

and 

then 

hold  the  gate 

on 

for 

the  neceaaary  time 

interval . 

The 

gate 

determinea 

vrtien 

the 

camera  ia  ready 

to  record  an  ii 

nage . 

The  uaer 

alao 

specified  ulieii  the  camera  ie  to  be  triggered  during  the  gate, 
to  acquire  the  atreak  image. 

For  our  experiamnta  the  duration  of  the  atreak  image 
muat  be  longer  than  the  micromave  pulae.  The  reaaon  for  the 
requirement  on  the  tiaie  duration  ia  to  allow  obaervation  of 
the  decaying  plaama  before,  during,  and  after  the 
tranamiaaion  of  the  adcrowave  pulae.  The  available  atreak 
time  irtiich  aatiafiea  thia  criteria  ia  500  na.  The  timing 
aequence  for  Gate  B  triggering  requirea  that  one  open  the 
gate  at  leaat  200  na  before  the  atreak  camera  trigger  and 
that  one  hold  the  gate  open  for  the  aelected  time  interval 
for  the  atreak  image  to  be  acquired.  For  our  uae  a  gate 
pulae  of  730  na  ia  uaed,  and  the  atreak  trigger  ia  applied 
230  na  into  the  gate  pulae.  The  reader  ahould  recall  the 
timing  aequence  of  Fig.  18.  The  atreak  image  adda  another 
event  window,  about  three  timea  aa  wide  aa  the  microwave 
pulae,  to  the  aequence.  Thia  window  begina  about  SO  to  100 
na  before  the  microwave  pulae  and  laata  for  220  to  270  na 
after  the  end  of  the  microwave  pulae.  The  proper  timing  ia 
obtained  by  uaing  three  of  the  Lecroy  digital  delay 
generatora.  The  firat  generator  providea  the  aelected 
afterglow  time  Tq.  The  aecond  and  third  are  triggered 
aimultaneoxialy  by  the  firat  delay  generator,  and  both  have 
the  neceaaary  amall  time  delaya  auch  that  the  atreak  image 
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ia  be^un  iaMdiataly  before  the  generation  of  the  alcroaave 
pulee  50  to  100  ne)  ,  and  continue*  after  the  aicrowave 
pulse  220  to  270  ns)  . 

The  region  imaged  by  the  last  mirror  of  the  periscope  ia 
shown  in  the  top  half  of  Fig.  20(a) .  A  piece  of  paper  with  a 
convenient  pattern  la  placed  on  top  of  the  vacuum  vessel 
parallel  to  the  s-axis  to  provide  an  image  plane  for  the 
alignsmnt  laser.  The  *x*  on  the  left  side  of  the  pattern 
indicates  the  position  of  the  image  of  the  alignment  laser 
spot,  iriiich  also  provides  a  convenient  reference  for  the 
steak  image  data  photos.  The  center  of  the  entrance  slit  of 
the  streak  camera  is  always  aligned  with  the  other  half  of 
the  laser  beam  from  the  splitting  prism  (Pig.  19) .  Since  the 
region  to  be  viewed  by  the  streak  camera,  parallel  to  the 
long  line  of  the  pattern,  is  about  20  cm  in  extent  we  must 
break  the  region  into  two  parts  of  10  cm  each  (the  maximum 
viewing  range  of  the  entrance  slit) .  This  is  achieved  by 
adjusting  the  final  two  ad.rrors  of  the  periscope  to  move  the 
laser  beam  image  along  the  line  of  the  streak  image  of  Fig. 
19.  The  piece  of  paper,  on  which  the  pattern  ia  drawn  ia 
removed  prior  to  recording  the  streak  image  of  the 
reionization  region.  The  recorded  data  (Fig.  20(b))  are 
always  presented  in  an  orientation  consistent  with  the  image 
shown  in  the  mirror  of  Fig.  20(a) .  That  is  the  vertical 
dimension  of  the  streak  image  photo  is  always  aligned  such 
that  the  plasswi  column  ia  toward  the  lower  edge  of  the  photo, 
and  the  lucite  window  is  toward  the  upper  edge  of  the  photo. 
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One  any  expect  that  the  li^ht  intensity  of  a  streak  iaage 
should  be  brightest  toward  the  plasaa  coluan  axis.  However, 
Fig.  20(a)  shows  a  piece  of  wood  that  Is  used  to  hold  the 
anecholc  chawber  together  which  crosses  the  final  wirror  of 
the  periscope.  This  piece  of  the  anecholc  chamber  shadows 
the  lower  edge  of  the  data  photos,  and  the  shadowing  or  lack 
of  light  intensity  is  evident  in  all  the  data  discussed  later 
in  Section  3.4.  The  Streak  image  is  made  of  tiny  dots  of 
light  that  begin  at  the  right  edge  and  continue  to  the  left 
of  the  photo,  i.e.  the  horisontal  axis  (time)  of  the  streak 
image  begins  at  the  right  and  runs  to  the  left  of  the  photo. 
The  reader  should  note  that  some  of  the  dots  are  brighter 
than  others.  Each  dot  in  the  photo  represents  an  aggregate 
of  atoms  or  molecules  «d»ich  emit  light  as  a  result  of  being 
excited  by  the  capture  of  accelerated  free  electrons. 

The  image  processor  of  the  streak  camera  system  is  used 
to  enhance  the  contrast  between  the  light  dots  and  the  dark 
background  of  the  displayed  data.  The  data  of  six  shots  are 
superiaq»osed  to  ii4>rove  the  resolution  of  the  low  intensity 
light.  Recording  the  data  in  this  way  adds  a  large 
backgroxmd  signal  vrtiich  must  be  subtracted  from  the  data,  so 
that  the  available  inforsmtion  on  the  reionisation  region  may 
be  retrieved.  The  background  is  removed  such  that  the 
amplitude  indicator,  the  line  located  at  the  top  of  the 
streak  image,  has  a  constant  intensity  at  the  beginning  of 
each  streak  iouige  photo.  The  amplitude  is  set  to  a  constant 
because  the  light  emitted  by  the  plasma  column  at  the 
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beginning  of  tho  streak  image  is  from  the  decaying  plasma 
•ibich  provides  a  constant  background  on  these  relatively 
short  time  scales.  Another  artifact  of  the  6  shot  overlay  is 
that  the  gain  (contrast)  changes  dynamically.  After  setting 
the  offset  one  adjusts  the  gain  to  enhance  the  details  of  the 
image.  The  details  to  be  seen  are  the  vertical  array  of  dots 
«diich  indicate  light  being  emitted  at  points  along  the  line 
of  the  streak  image  (Fig.  19).  It  must  be  esphasized  that  me 
are  looking  for  relative  changes  in  the  light  intensity 
between  images  of  the  reionization  region  that  are  recorded 
at  various  times  in  the  plasma  column  afterglow.  Since  we 
are  looking  for  relative  changes  in  the  light  intensity  the 
offset  and  gain  adjustments  discussed  above  are  always 
identical  for  data  recorded  both  with  and  without  the 
microwave  pulse  traversing  the  afterglow  region.  It  may  be 
possible  to  obtain  quantitative  information  from  the 
intensity  amplitude  indicator,  however  the  indicator  was  not 
calibrated.  It  only  serves  a  very  limited  purpose  of 
indicating  the  time  variation  of  the  spatially  integrated 
light  intensity. 
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3.  EXPEBZiffiMTikL  MEASUBEMBETS 

Thitf  section  discusses  the  results  of  the  Masurenents 
■ade  on  the  plasma  column  and  the  interaction  between  the 
afterglow  plasma  and  the  sdcrowave  pulse.  The  measurements 
of  the  radial  variation  of  the  plasma  density  in  the  column 
carried  out  with  a  double  Langmuir  probe  are  presented.  The 
plasma  decay  is  monitored  by  the  conductivity  coil  probe. 
There  seems  to  be  agreement  between  the  conductivity  probe 
(at  t=0)  and  the  double  Langmuir  probe  results. 

Measurements  carried  out  to  understand  several  aspects 
of  the  microwave -plasma  interaction  are  discussed.  First  we 
present  and  discuss  the  data  on  the  energy  contained  in  the 
incident,  reflected,  and  transmitted  pulses  (for  both  argon 
and  nitrogen)  and  their  variation  with  afterglow  time.  The 
phase  owasurements  carried  out  with  the  Mach-Zehnder 
interferometer,  as  a  function  of  the  afterglow  time  are  also 
disctissed.  The  measured  phase-shifts  derived  from  the 
Interferometer  swasurements  are  compared  with  the  phase- 
shifts  computed  using  Eq.  2.3.3  ^ich  \jses  measurements  of 
the  electron  density  (n)  made  with  the  conductivity  coil 
probe.  We  explore  the  relationship  between  the  reionization 
time,  the  time  for  the  density  to  reach  the  critical  density 
(n^)  ,  of  the  plasma  column  by  the  microwave  pulse  and  the 
afterglow  time.  This  is  determined  by  the  pulse  width  (FWHM) 
of  the  transmitted  signal,  for  both  gases.  Finally  the  data 
obtained  with  the  streak  camera  are  presented.  The  streak 
images  respond  to  the  light  emitted,  during  the  transmission 
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of  th«  aicrofvave  pulse. 


3.1  PLASMA  COLmOl 

It  is  of  Interest  to  know  whether  the  plaswa  column  is 

homogeneous  or  has  an  annular  structure.  We  carried  out  this 

investigation  for  argon  gas  at  2  Torr  neutral  pressure.  The 

gas  is  ionized  by  applying  a  pulse  V  3800  volts  (measured 

current  I  1.13  kA)  .  The  typical  parameters,  on  the  plasma 

13  ~3 

column  axis  are  found  to  be  n  1.0  to  2.5  x  10  cm  ,  T^ 

3  to  10  eV,  s  35  to  45  mho/m.  The  relation  between  c 

-3  -3 

(mho/m)  and  n  (cm  ) ,  for  argon,  is  found  to  be  n(cm  )  -  4.4 

X  10^^  s(mho/m)  (App.  1).  The  radial  variation  of  the 

density  and  conductivity  are  shown  in  Figures  21  and  22, 

respectively.  The  open  circles  in  both  figures  represent 

data  obtained  with  the  double  Langmuir  probe.  The  data  in 

both  cases  seem  to  fit  an  analytical  function  of  the  form:  S 

C  1  ~  (p/rffall^  ^  ^  value  of  S  is  adjusted  until  a  good 

fit  of  the  data  is  obtained.  The  coefficients  are  found  to 

be  n(r=0)  =  1.8  x  10^^  cm  ^  and  ff(r=0)  =  37  mho/m.  The  data 

indicate  that  the  plasma  column  is  homogeneous  up  to  radial 

distances  of  3  to  4  cm. 

The  data  on  the  variation  of  the  argon  plasma 
conductivity  with  afterglow  time  for  several  different 
neutral  gas  pressures  are  depicted  in  Fig.  23.  Early  in 

the  afterglow  ($  10  psec)  ,  the  value  of  the  conductivity 
appears  to  be  independent  of  time  and  pressure.  This  may  not 
be  physically  significant  since  sufficient  tim  has  not  yet 
elapsed  for  the  plasma  to  be  in  equilibrium.  The  data 
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(Indicated  by  the  different  eyabole)  shoe  that  the  plaama 

coluan  decaya  with  tiae  aa  (1  ^t)  ^  (the  aolid  line),  irtiich 

(22  30) 

ia  indicative  of  argon  decaying  by  recoabination  '  One 

abould  alao  note  that  the  conductivity  aeaaured  early  in  the 
afterglow  (20  to  100  |iaec)  ia  between  100  and  150  aho/a. 
Thia  ia  about  a  factor  of  3  to  4  larger  than  the  value  of  37 
aho/a,  found  uaing  the  double  Langauir  probe.  Conaidering 
that  the  plaaaa  ia  perturbed  by  the  preaence  of  the  double 
probe,  and  that  the  plaaaa  coluan  ia  conatrained  to  a  aaaller 
diaaeter  by  the  conductivity  probe  than  when  the  double 
Langauir  probe  ia  tiaed,  the  dlaparity  between  the  two  aeta  of 
eatiaatea  ia  not  unexpected. 

Figure  24  ahowa  the  variation  of  the  argon  plaaaa 

conductivity  with  neutral  preaaure,  which  ia  aeaaured  early 

in  the  afterglow  20  fiaec)  .  The  data  (indicated  by  the 

ayad>ola)  aeea  to  indicate  that  decreaaea  linear- v  (on  the 

log-log  plot)  with  preaaure  (ahown  by  the  two  aolid  curvea) . 

The  obaerved  power-law  dependence  of  v  on  po  aupporta  the 

aaaua^tion  that  the  electron-neutral  colliaion  frequency  ia 

doainant  in  the  aoaentua  tranafer  proceaa;  aee  the  diacuaaion 

in  App.  1.  Since  the  typical  operating  voltage  uaed  to 

create  the  plaaaa  coluan  liea  between  3500  and  3800  V,  the 

above  inference  ia  valid  for  all  the  argon  data. 

The  conductivity  probe  ia  alao  uaed  to  aonitor  the  decay 

proceaa  in  nitrogen  (82)-  The  data  are  ahown  in  Fig.  25. 

The  data  aeea  to  fit  an  exponential  decay  which  ia  typical  of 

(22) 

decay  by  electron  attachaent  The  obaerved  e-folding 
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tiM  is  61  Msec.  There  is  some  ambiguity  in  the  early  time 

and  late  time  characteristics  of  the  data.  Early  in  the 

afterglow  there  is  difficulty  in  aligning  the  t=0  point. 

Later,  the  conductivity  probe  has  difficulty  in  resolving 

changes  in  the  density  because  the  value  of  T/Vq  tends  to 

unity,  as  discxissed  in  Section  2.2.  One  may  compute  n  for 

each  value  of  <r  given  in  Fig.  25  by  using  Eq.  A1.7.  The  data 

indicate  that  the  initial  density  due  to  the  pulser  discharge 
12  “3 

is  4.3x10  cm  The  value  of  n  may  be  cos^ared  with  the 

13  *3 

value  5x10  cm  obtained  for  the  case  of  argon.  We  note 
that  the  density  for  M2  has  a  lower  value,  but  it  is  still 
greater  than  the  cutoff  value  n^,  corresponding  to  9  6hz 
microwaves . 

3.2  MICBOWAVE  PULSE  AFTEBOLOW  MEASUBEMEMTS 
The  results  presented  in  this  section  are  representative 
of  the  changes  in  the  transmission  of  microwave  energy 
during  the  plasma  afterglow.  These  measurements  are  carried 
out  in  both  argon  (pQ  2  Torr)  and  nitrogen  (pQ  .  5  to  .6 
Torr)  neutral  gases.  The  pressures  for  each  gas  are  chosen 
to  setup  a  plasma  colusm  that  fills  the  vacuum  chamber 
completely,  but  the  reader  is  reminded  that  the  plasma  column 
is  homogeneous  for  up  to  a  radial  distance  r  $  ^  i*wall* 
experimental  measurements  for  each  gas  are  discussed 
separately.  The  microwave  power  amplitudes  and  pulse  widths 
(FWHM)  for  the  incident,  the  reflected,  and  the  transmitted 
signals  are  displayed  on  the  oscilloscope  screen  and 
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photographed,  lie  take  the  product  of  the  aaplitude  and  pul  he 
width  (FWHM)  to  repreaent  the  total  energy  contained  in  each 
of  the  pulses.  In  our  opinion,  this  product  provides  a 
better  Measure  of  the  changes  occurring  in  each  of  the  pulses 

than  indicated  by  the  microwave  power  amplitudes  alone.  The 

phase  change  of  the  microwave  pulse  due  to  travel  across  the 
plasma  column  is  monitored  to  obtain  data  on  the  plasma 
column  decay.  These  data  channels  are  recorded  for  various 
afterglow  times. 

The  results  obtained  with  argon  are  considered  first. 

The  variation  of  the  energy  measured  for  the  incident,  the 

reflected,  and  the  transmitted  signals  are  shown  in  Fig.  26. 

The  data  for  the  incident  signal  can  be  used  to  provide  an 

estismte  of  the  amplitude  of  the  electric  field  traversing 

the  plasma  region.  The  incident  power  (  250  kW)  Indicates 

that  the  electric  field  is  of  order  1  kV/cm.  This  electric 

field  is  almost  capable  of  directly  ionizing  argon  and 
(13  23) 

Ma' -  The  transmitted  pulse  energy  is  seen  to  reach  a 

value  equal  to  half  the  maximum  value  transmitted  across  the 
plasma  column  iii  50  milliseconds.  The  implication  is  that  if 
one  tries  to  transmit  large  amplitude  microwave  pulses  across 
a  decaying  argon  plassm  region,  less  than  half  of  the  maximum 
energy  would  be  transmitted  if  the  time  between  successive 
microwave  pulses  is  less  than  50  milliseconds. 

The  reader  is  reminded  that  the  transmitted  signal  does 
track  the  incident  pulse  in  the  absence  of  a  plasma.  Late  in 
the  afterglow  (>  1  msec)  the  transmitted  pulse  still  tracks 
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the  incident  pulse  \intil  some  free  electrons  are  accelerated 
and  the  reionisation  process  begins.  In  the  case  of  argon 
the  reduction  of  the  transmitted  signal  is  observed  to  be 
coincident  with  the  rise  of  the  reflected  signal.  The  pulse 
width  (FWHII)  for  all  three  signals  show  that  the  pulse  width 
of  the  transmitted  plus  the  reflected  signals  equals  the 
pulse  width  of  the  incident  signal.  This  indicates  that  very 
little,  if  rny,  absorption  of  microwave  energy  occurs  in 
argon . 

The  phase  change  for  argon,  smasured  by  the 
interferometer  seems  to  match  the  type  of  time-variation  of 
the  electron  density  measured  by  the  conductivity  coils  as 
seen  in  Fig.  27.  The  calculated  time  variation  of  the  phase 
change  has  been  compared  to  the  decay  of  the  density.  The 
calculation  used  the  time  variation  and  radial  profile 

discussed  earlier  for  argon.  The  initial  axial  plasma 

13  *3 

electron  density  used  is  5  x  10  cm  ,  as  measured  by  the 
conductivity  coil.  The  observed  decay  of  the  density  as 
measured  by  the  conductivity  coils  for  two  different  shots 
indicated  by  the  sysibols:  □  and  6  are  shown  in  Fig.  28.  The 
plotted  data  provide  an  estimate  of  the  reproducibility  of 
the  decay  of  the  plasma  density.  The  time  profile  of  the 
observed  argon  decay  la  typical  of  decay  by  recombination. 
The  solid  line  indicates  the  expected  time  variation  in  the 
electron  density  if  the  decay  is  by  recombination.  The 
expected  time  variation  is  given  by^^^^: 
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n(t) 


(3.2.1) 


"0 
1  ♦ 


«rtiere  dq  the  initial  plaeaa  density  and  P  in  the  decay 
rate.  The  values  for  nQ  and  are  determined  by  measuring 
the  values  of  the  plasma  electron  density  at  tmo  times  t2  and 
t2  (tj  <  t2) .  one  then  solves  for  $  by  noting  that, 

nltj)  1  ♦  ^  t2 


(3.2.2) 


n(t2)  1  ♦  ^  tj 

Having  found  P  one  then  finds  no  =  n(t2)  (l'*'/lt2).  One  can 
now  use  Eq.  3.2.1  in  Eq.  AS. 2  to  compute  a  phase  shift  in  a 
microwave  pulse  due  to  traveling  across  the  plasma  column. 
The  calculated  phase  is  compared  with  measured  data  in  Fig. 
29.  The  data  are  only  obtained  after  two  milliseconds  into 
the  afterglow.  Earlier  in  the  afterglow  the  plasma  density 
exceeds  the  critical  density  (n^)  over  most  of  the  plasma 
volume.  Since  no  pulse  is  transmitted  to  the  sample  arm  of 
the  interf eroBMter ,  no  output  is  produced.  Also  when  is 
under  0.01  radians  (=  .57**)  the  phase  change  is  effectively 
zero . 


The  results  of  the  energy  transmitted  through  H2  are  not 
qxialitatively  different  from  the  data  for  argon.  Sample 
data  and  reduced  data  are  shown  in  Fig.  13  and  30, 
respectively.  The  incident  signal  is  identical  to  the 
incident  energy  levels  used  for  argon.  The  reader  should 
note  that  the  reflected  energy  is  not  as  high  as  for  argon. 
The  transmitted  signal  again  shows  that  to  transmit  half  of 
the  maximum  transmitted  pulse  energy  one  must  allow  for  the 
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plawa  to  decay  for  an  afterglow  time  of  500  Msec  to  1 
msec.  Aleo  the  obeervation  for  the  incident,  the  reflected, 
and  the  transmitted  pulse  widths  made  for  the  case  of  argon 
does  not  hold  for  M2-  Me  have  observed  that  the  incident 
pulse  width  (FmM)  is  greater  than  the  sum  of  the  reflected 
pulse  width  (FWHII)  and  the  transmitted  pulse  width  (FW&M)  . 
This  was  illustrated  by  the  data  recorded  at  100  Msec  into 
the  N2  afterglow  which  are  shown  in  Fig.  13.  This  data  shows 
that  initially  the  reflected  pulse  and  the  transmitted  pulse 
amplitudes  are  very  ssmll.  Later  in  the  microwave  pulse  the 
reflected  pulse  aoqplitude  then  increases,  even  though  the 
transmitted  pulse  aaq>litude  remains  small.  This  data  clearly 
illustrates  that  the  incident  microwave  pulse  energy  is  lost 
from  the  problem  by  some  sMchanism  other  than  reflection  from 
the  plasma  colusm  or  transmission  through  the  plasma  column. 
Possible  Bwchanisms  that  are  candidates  for  this  additional 
loss  of  microwave  energy  are  molecular  absorption  by  II2, 
electron  runaway  of  accelerated  electrons  out  of  the  plasma 
column  region,  or  scattering  of  the  microwave  pulse  in  a 
direction  orthogonal  to  the  line  between  the  two  waveguide 
horns . 

The  interferometer  data  are  also  considerably  different 

for  112  than  for  argon.  The  plotted  data,  the  circles,  of 

Fig.  31  show  the  density  decay  measured  by  the  conductivity 

coils.  The  solid  line  indicates  the  expected  time  variation 

in  the  electron  density  if  the  decay  is  by  attachment.  The 

(25) 

expected  time  variation  is  given  by 
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n  (t) 


no 


(3.2.3) 


«rtiere  hq  is  the  initial  plasma  density  and  Y  is  the  decay 
rate.  The  values  for  no  And  y  are  determined  by  measuring 
the  values  of  the  plasma  electron  density  at  two  times  tj 
and  t2  (tj  <  t2) .  one  then  solves  for  y  by  noting  that, 

n(tj)  -Y(ti  -  t2) 

-  =  e  (3.2.4) 


n  (t2) 


Yti 


Once  Y  is  determined  then  no  =  n(ti)  e  Again,  one  can 
use  Eq.  3.2.3  in  Eq.  AS. 2  to  coaqpute  a  phase  shift  in  a 
micromave  pulse  due  to  travel  across  the  plasma  column.  The 
phase  shift  cosqiuted  as  described  above  is  coBq>ared  in  Fig. 
32  with  the  measured  phase  shift  data.  One  can  see  that  the 
experimental  data  (indicated  by  the  symbols)  deviate 
considerably  from  what  one  would  expect  from  the  computed 
phase  shift  (indicated  by  the  solid  line).  This  discrepancy 
between  data  and  theory  is  not  understood.  The  same 
mechanism  that  may  account  for  energy  loss  say  also  account 
for  the  observed  differences  between  the  computed  and 
measured  phase  shifts. 


3.3  TAIL  EBOSIOM 

(19  20) 

Tail  erosion  of  the  microwave  pulse  ’  is  observed 
when  the  leading  part  of  the  siicrowave  pulse  accelerates  free 
electrons  idiich  ionize  the  neutral  gas  creating  a  plasma. 
This  causes  the  index  of  refraction  to  change  sufficiently  to 
reflect  or  attenuate  the  trailing  part  of  the  pulse.  This 
phenomenon  is  seen  at  work  in  our  data.  In  Section  3.2  we 
referred  to  the  decay  of  the  transmitted  pulse  amplitude  as 
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th«  reflected  pulse  a^litude  increased.  This  late  tiae 
attenuation  of  the  pulse  is  indicative  of  the  plasna  being 
reionized  to  the  critical  density,  which  will  then  reflect 
the  rewainder  of  the  pulse.  Tail  erosion  is  discussed 
separately  for  both  argon  and  nitrogen. 

As  pointed  out  earlier,  the  conductivity  coil  data 
indicate  that  the  argon  plaswa  decays  by  reco^ination.  The 
ionization  by  wicrowaves  however  causes  an  exponential 
increase  in  the  density.  When  this  inforaation  is  used  the 
continuity  equation  (Eq.  1.2.1)  becoaes: 

2 

-  =  n  -  a  n  ,  (3.3.1) 

at 

lAere  n  is  the  plasaa  density,  is  the  ionization  rate  due 
to  the  incident  aicrowave  signal,  and  «  is  the  coefficient 
for  recoabination.  After  the  point  irtaere  dn/dt  =  0  the 

Vit 

growth  overfdielBS  the  decay,  and  we  find  that  n(t)  -  iiq  b 

Froa  the  transaitted  signal  pulse  width  we  obtain  a  aeasure 

of  how  Buch  of  a  square  pulse  is  transaitted  through  the 

afterglow  plasaa.  If  we  plot  the  data  for  the  transsdtted 

pulse  width  (FWHM)  as  a  fxinction  of  afterglow  tiae,  and  then 

compare  that  data  with  a  curve  for  to  (see  Eq.  1.2.3)  we  can 

deteraine  by  fitting  the  curve  for  to  to  the  data.  This 

has  been  done  in  Fig.  33  for  the  case  of  argon.  We  obtain 
fi 

=  1.4  X  10  Hz.  Froa  theoretical  arguaents  given  in  Section 

0 

1.2  we  computed  =  1.1  x  10  Hz.  At  a  tiae  early  in  the 
afterglow  (rp  l  msec)  the  curve  in  Fig.  33  does  not  pass 
through  the  data  point.  This  way  be  due  to  the  fact  that  the 
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^iv«n  curve  repreeente  a  eolution  to  Eq.  3.3.1  after 
neglectinE  the  recoiAination  term. 

BitroEen  fleeas  to  behave  quite  differently.  The  data 
for  B2  that  are  depicted  in  Fig.  34  indicate  that  the 
transmitted  pulse  width  is  independent  of  afterglow  time. 
The  solid  line  in  Fig.  34  is  the  calculated  pulse  width  as  a 
function  of  the  afterglow  time.  The  reader  should  note  that 
the  change  in  the  pulse  width  is  very  slight,  but  that  the 
predicted  pulse  width  is  about  2  orders  of  magnitude  smaller 
than  the  measured  values.  We  are  unable  to  explain  how  this 
discrepancy  cosies  about . 

3.4  DATA  OBTAIBED  WITH  A  STREAK  CAMERA 

As  stated  in  Section  2.4  the  streak  casMara  is  used  to 
determine  if  the  breakdown  region  occurs  near  the  plassia 
coltum  or  the  lucite  window  used  to  introduce  the  microwave 
pulse  into  the  vacuum  chamber.  We  will  show  that  the 
reioniz.-,  jion  occurs  near  to  the  plasma  column  axis  for  both 
gases.  The  data  for  the  two  gases  are  considered  separately. 

Data  obtained  near  the  argon  plasma  axis  are  shown  in 
Figtires  35  and  36,  the  photos  are  oriented  in  the  same  way  as 
the  photo  of  Fig.  20(b).  The  orientation  is  such  that  the 
plasma  column  axis  is  toward  the  bottom  of  each  photo.  The 
reader  should  ignore  the  dark  vertical  band  lAich  appears  in 
all  the  streak  photos.  This  is  an  artifact  of  the  recording 
of  the  video  display  and  is  not  physically  meaningful.  Mote 
that  early  in  the  afterglow  (  Fig.  35)  there  is  approximately 
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unifom  light  over  the  region  of  view  with  or  without  the 
■agnetron  being  puleed,  except  that  the  intensity  is  brighter 
with  the  microwaves  present.  At  a  later  time  1  aisec)  no 
light  is  eBd.tted  from  the  observed  area  without  the  microwave 
pulse  to  reionize  the  plasoia.  Also  note  that  in  the  data  for 
1  msec  into  the  afterglow  that  the  intensity  across  the  photo 
is  initially  constant  and  then  decreases  as  the  streak  goes 
from  right  to  left.  This  is  consistent  with  the  streak  time 
beginning  imsMdiately  after  the  turn  on  of  the  magnetron 
pulse  and  lasting  longer  than  the  magnetron  pulse.  A  final 
point  for  the  photo  taken  during  the  microwave  pulse  at  1  sec 
into  the  afterglow.  The  light  intensity  has  decreased 
considerably  relative  to  the  intensity  earlier  in  the 
afterglow.  This  is  indicative  of  a  small  concentration  of 
free  electrons,  as  one  would  expect  for  plasmas  that  are  many 
decay  times  into  their  afterglow. 

The  data  recorded  near  the  lucite  vacuum  window  (Figures 
37  and  38)  have  many  similar  characteristics  to  the  data 
taken  near  the  plasma  column  axis.  The  main  distinction  is 
that  the  emitted  light  is  more  intense  for  the  on  axis  view 
(Fig.  35)  than  the  emitted  light  for  the  window  view  (Fig. 
37)  .  This  indicates  that  the  plassia  reionization  is 
occurring  near  the  plasaia  column  axis  and  not  on  the  vacuum 
side  of  the  dielectric  window.  The  data  in  Fig.  38  are  taken 
later  in  the  plassia  afterglow.  Again  light  is  not  observed 
if  the  microwave  pulse  is  not  transmitted.  The  fact  that 
light  is  seen  during  the  rf  pulse  indicates  that  there  are 
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tfoM  fr««  electrontf  that  diffuse  through  the  region  and  then 
recoabine  with  lone  to  fora  excited  neutrale. 

The  H2  streak  data  are  shown  in  Figures  39  through  43. 
Figures  39,  40,  and  41  show  on  axis  views  for  different 
aftdrglow  tiaes.  The  data  are  siailar  in  aany  ways  to  the 
data  for  argon.  One  exa«4>le  is  that  aore  light  is  emitted 
during  the  rf  pulse.  One  should  also  note  the  difference 
between  Fig.  35  and  Fig.  39.  The  photographs  are  identical 
in  all  but  two  aspects.  One  difference  is  the  neutral  gas 
used,  and  the  other  is  the  relative  intensity.  More  light  is 
esdtted  from  near  the  plassa  colusm  axis  for  M2  than  for 
argon.  The  reader’s  attention  is  drawn  to  the  bright  band 
that  appears  in  many  of  the  late  afterglow  time  photos  for 
H2.  This  bright  band  occurs  near  the  end  of  the  microwave 
pulse,  which  seesM  to  occur  at  the  saae  time  in  the  aicrowave 
pulse  as  the  growth  of  the  reflected  aicrowave  signal  shown 
in  Fig.  13.  These  data  seem  to  further  support  the 
observation  on  the  aicrowave  pulse  energy  being  lost  froa  the 
plasBia  coluBBi  region  by  some  smchanisa  other  than 
transmission  or  reflection. 

Figures  42  and  43  show  the  window  view  at  different 
afterglow  times.  Mote  that  in  this  case  also  the  brighter 
light  occurs  for  the  later  afterglow  tim.  However  the  data, 
during  transmission  of  the  aicrowave  pulse,  show  the  light 
emitted  near  the  plasma  column  axis  are  still  more  intense 
than  the  light  esiitted  near  the  lucite  window,  for  all 
afterglow  times. 
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COSCLOSIOMS 


We  h«ve  inveetigated  the  traneniaaion  of  a  aicrowave 
pulae  through  a  decaying  plaaaa  colijan.  A  plaaaa  coluan  haa 
been  created  uaing  argon  and  nitrogen  aa  neutral  gaaea.  A 
aicroaave  pulae,  with  the  electric  field  (E)  polarized 
perpendicular  to  the  plaaaa  axia.  haa  been  tranaaitted  acroaa 
the  plaaaa  region  at  varioua  tiaaa  during  the  plaaaa  decay. 
The  aicrowave  pulae  haa  aufficient  intenaity  to  cauae  the 
plaaaa  to  reionize  the  neutral  gaa ,  to  a  denaity  exceeding 
the  critical  denaity  for  the  aucrowave  frequency  in  uae. 

The  tranaaiaaion  character iatica  of  the  two  gaaea  uaed 

are  found  to  be  very  different.  With  argon  aa  the  neutral 

gaa  we  find  the  following.  The  initial  axial  electron  denaity 

13  "3 

ia  typically  5x10  ca  ,  and  the  plaaaa  decaya  by 
recoBd>ination  of  electrona  and  iona.  The  tranaaitted  pulae 
energy  reachea  one**half  of  the  aaxiaua  aeaaured  value  for 
afterglow  tiaea  of  the  order  of  10  ailliaeconda .  Thia  nuaber 
ia  in  agreeaent  with  the  prediction  of  the  continuity 
equation  in  Section  1.2.  The  aicrowave  ionization  frequency 
indicated  by  the  variation  of  the  tranaautted  pulae  width 
with  the  afterglow  tiae  agreea  with  the  calculated  value. 

When  nitrogen  gaa  ia  uaed.  aoae  of  the  reaulta  are  quite 
different.  The  data  froa  the  conductivity  probe  indicatea  a 
lower  initial  axial  denaity  of  4.3  x  10^^  ca  Thia  ia  not 
aurpriaing,  becauae  we  know  froa  the  DC  breakdown  propertiea 
that  W2  needa  a  lower  preaaure  than  argon  doea  to  create  a 
plaaaa  coluan  that  filla  the  plaaaa  chaaber  for  a  voltage 
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pultfe  of  a  given  anplitude.  The  Vq  plaana  is  found  to  decay 
by  attachiMnt  of  electrons  to  neutrals.  The  data  also 
indicate  that  there  is  a  large  difference  between  the 
Measured  and  the  calculated  values  of  the  ionization 
frequency.  The  transmitted  pulse  width  is  also  found  to  be 
insensitive  to  variation  of  the  afterglow  tiaie.  The  only 
similarity  between  argon  and  II2  is  the  agreement  between  the 
predicted  and  measured  afterglow  time  for  the  transmitted 
pulse  energy  to  reach  one  half  of  the  maximum  transatitted 
value.  The  predicted  value  and  the  measured  value  for  the 
afterglow  time  for  H2  are  1  millisecond. 

The  calculations  mentioned  above  also  help  establish  the 
confidence  in  the  use  of  the  coefficients  swasured  in 
microwave  cavity  experiments.  for  use  in  open  geometry 
experiments.  The  question  has  always  been  vdiether  one  can 
take  Masurements  from  closed  systems  which  have  conducting 
walls  to  systems  iriiich  are  open.  The  assumed  answer  has 
always  been  in  the  affirmative.  This  experiment  supports  that 
assumption . 

The  breakdown  of  the  calculations  in  the  case  of 
nitrogen  raises  siany  questions  about  the  models  currently 
used.  An  obvious  first  attempt  to  understand  the  difference 
in  their  responses  to  microwave  pulses  would  be  to  see 
whether  the  observed  differences  can  be  explained  in  terms  of 
distinct  physical  properties  of  the  two  gases  used.  One 
notes  that  argon  is  a  monatomic  gas  and  nitrogen  is  a 
diatomic  gas.  This  difference  allows  nitrogen  to  have 
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additional  molecular  energy  levele  due  to  rotational  and 
vibrational  excitation  of  the  outer  molecular  electrons. 

Absorption  of  microwaves  by  diatomic  and  even  polyatomic 
gases  has  been  been  reported  in  the  literature .  The 
energy  is  typically  coupled  in  through  the  electric  or 
magnetic  multipole  sioments.  These  types  of  excitations  are 
typically  unavailable  to  hosiopolar  molecules  such  as  nitrogen 
and  oxygen.  However,  for  strong  amplitude  pulses  multipole 


moments 

can  be 

induced 

by  polarizing 

the 

electron 

cloud 

of 

the  mo 

lecule . 

An 

example  is  the 

absorption 

of  64 

GHz 

.  (41) 

microwaves 

by 

the 

induced  magnetic 

dipole 

moment 

in 

molecular  oxygen. 

Another  explanation  of  the  different  response  of  M2  stay 

lie  in  the  relatively  large  electron  sman  free  path  due  to 

the  low  background  neutral  pressure  used  for  M2  (.5  Torr) . 

(15) 

Pitchford,  et  al  discuss  the  process  of  electron  runaway. 

Electron  runaway  occurs  tdien  the  electrons  accelerated  by  the 
microwave  pulse  cannot  lose  energy  by  reionizing  the  plasma. 
According  to  calculations  by  Pitchford,  runaway  becomes  a 
problem  if  E/sq  >  1500  Td  =  1.5  x  10  V-cm^ ,  where  E  is  the 
electric  field  asiplitude  from  the  microwave  pulse  and  no  is 
the  neutral  gas  density.  For  M2  the  value  of  E/sq  7000  Td, 
wrtiile  for  argon  E/no  ^  1500  Td.  However,  we  are  not  sure 
whether  the  observed  differences  can  be  explained  by  this 
hypothesis.  Although  we  have  suggested  some  plausible 
mechanisms,  the  list  of  possibilities  is  by  no  means 
exhaustive.  We  must  emphasize  that  we  are  not  able  to 
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provide  an  acceptable  model  for  understanding  the  observed 
differences.  Further  mork  is  necessary  to  develop  a  mors 
cosqprehensive  tinder  standing. 

So  far  as  we  know,  high  powered  microwave  interferometry 
has  been  used  as  a  diagnostic  technique,  for  the  first  time, 
for  the  measurement  of  the  plassia  column  parameters. 
Agreement  between  the  interferometer  and  the  two  coil 
conductivity  probe  is  found  in  the  case  of  argon.  The  time 
dependence  of  the  plasma  column  decay  is  the  same  for  both 
diagnostic  techniques.  Both  techniques  have  problems  when 
making  the  measurement  early  and  late  in  the  afterglow. 
Early  in  the  afterglow  the  assuaqition  about  the  homogeneity 
of  the  plassm  colusm  made  in  the  calculations  for  the 
conductivity  coils  say  be  invalid.  As  mentioned  in  Section 
3.2,  early  in  the  plasma  afterglow  the  interferometer  does 
not  have  the  microwave  signal  from  the  sasple  arm  because  the 
plasma  is  beyond  the  critical  density  which  causes  the 
technique  to  be  unavailable.  Late  in  the  afterglow,  both 
techniques  suffer  from  a  lack  of  sensitivity  due  to  the  low 
plasna  density.  '  Even  with  these  limitations,  the  use  of  the 
technique  remains  an  excellent  alternative  for  diagnostic 
purposes  in  a  high  powered  sdcrowave  experiment.  The 
necessary  apparatus  is  already  in  use  for  the  transmitting 
and  receiving  antennas.  One  only  needs  to  split  the  two 
signals  to  obtain  the  necessary  data.  This  is  much  simpler 
than  adding  in  Bitu  diagnostics  that  perttirb  the  system  under 
study . 
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We  have  ehofoi  that  the  propagation  of  repetitively 
pulsed  Bicroviaves  of  large  enough  anplitude  to  ionise  the 
neutral  gas  is  possible.  Hoifever.  the  interpulse  separation 
is  several  lifetisws  into  the  plasiM.  afterglow  50  asec) . 
This  insight  nay  be  helpful  in  easing  the  design  requiresients 
for  future  high  powered  microwave  sources. 

This  project  has  raised  aany  questions  for  further 
research  to  inq>rove  the  applicability  of  the  currently 
accepted  nodels.  These  models  explain  the  interaction  between 
Hucrowave  pulses  and  atsiospheric  plasmas.  The  questions  to 
be  addressed  include: 

1)  Why  does  nitrogen  respond  differently  to  9  GHz  microwave 
pulses  than  argon? 

2)  How  does  the  absorption  of  microwave  pulses ,  by  neutral 
and  weakly  ionized  atmospheric  gases,  vary  as  a  function  of 
the  pulse  amplitude  and  frequency? 

3)  What  is  the  dependence  of  the  pulse  width  on  the  afterglow 
time  required  (the  duty  cycle  of  the  microwave  source)  for 
transmission  of  a  large  fraction  of  the  microwave  energy 
contained  in  a  pulse? 

4)  What  are  the  two  and  three  dimensional  scattering  effects 
of  high  powered  microwave  pulses  from  finite  plasma  regions? 

To  answer  these  questions  major  advances  are  required  in  the 

electrical  pulsed  power  and  the  microwave  sources.  However, 

analytical  study  will  continue  until  new  experiments  can  be 

performed . 

From  our  perspective  the  following  are  areas  where 
improvements  must  occur  in  high  power  microwave  sources.  The 
changes  that  are  discussed  are  those  that  must  happen  to 
microwave  sources  to  enable  experimentalists  to  answer  the 
above  questions,  using  a  single  source.  This  requires  a 
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■ajor  advance  in  tbe  technology  of  electrical  pulse 
compression  devices  (called  prime  power  pulsers) .  It  is  also 
desirable  that  the  efficiency  of  high  power  microwave  sources 
be  increased.  Below  we  discuss  the  limitations  of  presently 
available  adcrowave  sources. 

The  electrical  pulse  power  puts  a  prisiary  constraint  on 
the  ability  to  do  repetitively  pulsed  experioMnts.  For 
example,  consider  an  energy  storage  system  which  holds  10 
kilojoules  and  is  to  be  cycled  at  100  Hz  with  a  100  ns  pulse 
width.  If  one  ignores,  for  the  moskent ,  the  efficiency  of  the 
microwave  source  in  iising  electrical  power,  one  needs  to  have 
about  1  mV  average  AC  power  to  operate  the  power  supply  for 
this  experioient.  For  a  typical  efficiency  of  a  few  percent, 
one  needs  about  100  to  200  MW  average  power  for  a  single 
experiment.  It  is  clear  that  we  are  beginning  to  require  a 
large  fraction  of  tbe  power  generated  by  a  small  substation. 
A  second  limitation  is  that  pulse  power  technology  available 
at  present  can  deal  with  tbe  single  pulse  parasieters 
described  above  at  perhaps  a  1  Hz  rate.  Since  the  pulse 
repetition  rate  for  the  experiswnt  described  in  this 
dissertation  is  less  than  a  few  hundred  kilohertz,  it  is 
clear  that  considerable  development  work  is  needed  to  meet 
this  requirement.  However,  one  may  need  only  a  finite  nuunber 
of  pulses  in  Succession.  One  can  achieve  this  by  developing 
the  ability  to  store  the  total  energy  needed  prior  to 
oeginning  the  sequence  of  pulses.  One  can  then  draw  on  this 
stored  energy  during  a  burst  of  a  few  pulses. 
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Th0  aticrotittve  source  should  also  be  redesigned.  Most 

high  power  microwave  devices  have  a  plasma  (cold)  cathode 

that  generates  an  electron  beam.  These  plasma  cathodes  emit 

electrons  by  having  large  electric  fields  applied  between  the 

cathode  and  the  anode.  The  process  of  electron  emission 

rapidly  degrades  the  cathode  material.  The  degradation  of 

(42) 

the  two  primary  cathode  materials,  velvet  and  graphite, 

is  by  a  catastrophic  process.  The  velvet  will  continue  to 
emit  until  the  material  is  used  up,  i.e.  until  the  nap  of  the 
velvet  is  gone.  The  graphite  fails  due  to  its  being  a 
fragile  material.  This  leads  one  to  look  at  other  methods  for 
emitting  the  electron  beam,  none  of  which  are  suitable  for 
bursts  of  several  pulses. 

One  has  also  to  worry  about  the  ionizing  radiation 
caused  by  the  ‘left  over*  electron  beam.  High  power 
microwave  sources  are  inherently  inefficient  (  2X)  so  a 

large  part  of  the  electron  beam  is  left  over  to  generate 
ionizing  radiation.  The  iinused  part  of  the  beam  leads  to  a 
requirement  for  an  ionizing  radiation  shield.  In  practice, 
a  system  involving  about  7  kJ  per  pulse  and  5  pulses  per  hour 
requires  a  wall  of  high  density  concrete  about  1  m  thick  or 
an  exclusion  zone  of  about  7  m  radiiiS  around  the  electron 
beam  diode.  The  point  is  that  a  more  efficient  high  power 
microwave  (HPM)  source  is  required. 
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Figure  2.  ScheMtic  of  the  pulaor  uaed  to  generate  the  plasma 
colimn 
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Figure  4.  Sample  open  shutter  pictures  tor  various  plasma  columns 
produced!  The  arcs  tor  H-,  Argon,  and  room  air  are  23  cm  long. 
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Figure  5.  Schematic  of  the  double  Langmuir  probe. 
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Figure  6.  Typical  double  Langmuir  probe  traces  for  fixed  bias 
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Figure  7.  Sctaeaatic  of  th«  2-coil  Rf  conductivity  probe 
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Figure  8.  Typical  data  from  the  conductivity  probe  showing 
and  Vq 
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Figtir*  11.  Magnetron  frequency  calibration 
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Figure  13.  Sample  data  of  micromave  transmission  through  ^2' 
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Figure  14.  Schematic  for  the  hookup  of  the  microwave 
diagnostic  channels 
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Figure  17.  Afterglow  timing  circuit  for  triggering  the 
magnetron 
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Figure  18.  Belative  timing  diagram  indicating  various  points 
in  a  given  pulse  sequence 


75 


TIME 


Vocuum  Chcsmber 


l.E+14 


Plasma  Radius  (cm) 


o 

o 


o 


(Ui/OL|UJ)  ^ 


Figure  23.  Ar  conductivity  decay  aeaeured  by  the  rf  coil 
probe 
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Figure  24.  Ar  conductivity  changed  duo  to  pressure  changes 
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Figure  25.  II2  co*><*ucti vi ty  decay  aeaSTired  by  the  rf  coil 
probe 
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Figure  27.  Coaqiariflon  of  tine  variation  of  the  phase  sh 
measured  by  the  interferometer  and  the  variation  of  the 
density  determined  by  the  conductivity  probe 
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Figure  30.  Variation  of  the  various  rf  pulse  energies  with 
time  in  M2 
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Figure  31.  Cooiparieon  of  the  on  axis  density  used  in  eq.  3 
and  that  Bsasured  by  the  conductivity  probe  (II2  .5  Torr) 
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Figure  33.  Coapariaon  of  Ar  reionization  theory  and 

Beaaxireaent 
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Fiaure  38.  Streak  data  of  Ar  plasma  column  near  the  lucite  window 
during  the  r-f  pulse.  The  upper  photo  i  s  1  ms  into  the  afterglow, 
and  the  lower  photo  is  1  sec  into  the  afterglow. 
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Figure  41. 
IS  without 


2  a::is  view  at  1  sec  afterglow  time.  The  upper  photo 
the  rf  pulse  and  the  lower  photo  is  during  the  rf  pulse. 
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Figi-tre  42.  N2  window  view  at  10  }is  a+terglow  time.  Fne  up 
pnoto  is  without  the  r-f  pulse  and  the  lower  photo  is  durin 
pul  se .  gq 
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Figur#  43.  N2  window  view  at  1  ms  a-fterglow  time.  The  upper 
photo  is  without  the  r-f  pulse  and  the  lower  photo  is  during  the  r-f 
pul se. 
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Appendix  1 .  Double  Langnuir  Probee 

This  section  describes  how  the  weasured  current  and  the 

applied  bias  (V)  are  used  to  determine  the  double  probe 

characteristics.  A  schematic  of  the  double  probe  system  is 

shown  in  Fig.  5.  The  data  are  generated  on  a  point  by  point 

basis  by  varying  the  voltage  from  the  battery  supply  across 

the  probe  tips.  The  oscilloscope  photos  (Fig.  6)  show  the 

voltage  from  the  current  sionitor.  A  set  of  photos,  typically 

6  to  10,  of  various  bias  voltages  are  used  to  determine  the 

ctirve  shown  in  Fig.  Al.l.  The  curve  does  not  pass  through 

(43) 

the  origin.  This  is  not  surprising  because  Borovsky  has 

shown  that  for  probes  iised  in  BK>nitoring  high  voltage 
discharges  that  the  point  of  symmetry  may  lie  at  (Iq* 
rather  than  (0,0).  If  they  were  to  pass  through  the  origin, 
the  norsutl  equation  to  fit  the  points  would  be: 

I(T)  =  Ipi  tanh  (eV/T,)  (Al.l) 

where  is  the  ion  saturation  current  and  T,  is  the  plasma 

electron  teBq>erature .  To  account  for  the  offset  from  the 

origin  wo  replace  I (V)  by  I (V)  -  Iq  and  V  by  V  -  Vq.  The 

resulting  equation  is: 

I(V)  =  Iq  ♦  iji  tanh  [e (V-Vq) /T* ] .  {A1.2) 

A  curve  fitting  the  data  is  obtained  by  using  a  computer 
program  vrtiich  is  provided  the  best  estimate  of  the  saturation 
values  for  I (Vnax^  I (V»^p) ,  and  a  guess  for  the  values  of 

Iq  and  Vq.  The  value  of  Ipj^  is  simply  %  (I  -  I  (Vi^ti)  )  • 

Equation  A1.2  is  then  solved  for  T^.  Having  found  Ipj^ 

and  T^  we  can  compute  the  plasma  ion  density  as  follows: 
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(A1.3) 


**3  V 

n  (cB  )  ®  2  ^ppob®^ • 

irtier®  •  is  the  electronic  charge  in  couloabe,  is  the  ion 

•couBtic  velocity  (ca/eec)  .  Ap,.obe  double  probe 

2 

collecting  area  (cb  ) .  For  the  syateB  conaidered  the  probe 

2 

ia  conatructed  of  5  Bil  ttingaten  wire.  ia  2 (nr  +2nrl}  = 

2 

0.0242  CB  ,  trttere  1=  .3  cb  (the  probe  length)  and  r=. 00635 

CB.  Typical  valuea  on  the  plaaaa  axia  are  Ip£  .01  A, 

13  —3 

5  to  10  eT.  Theae  valuea  give  n  1.8  x  10  cb 

The  prograB  then  coaputea  the  plaaBa  conductivity  (v)  in 
cga  unita,  uaing  the  following  foraula^^^^ : 


=  -  .  (A1.4) 

4  n 

Where  Wp^  ia  the  electron  plaaBa  frequency,  and  ia  the 

electron  BoawintuB  tranafer  colliaion  frequency.  For  weaJkly 

ionized  gaaea ,  the  Bajor  contribution  to  coBea  froB  the 

(45) 

electron  -  neutral  colliaion  frequency  (^en^  argon  : 

Q  3/0 

v^n  *  5.5  X  10**  po  Te  (A1.5) 

^ere  pq  ia  the  neutral  gaa  preaaure  in  Torr. 

Equation  A1 . 4  Bay  alao  be  uaed  to  confute  the  electron 

o 

denaity  (n)  if  a  ia  deterained  independently,  aince  Up^  c  n. 
If  the  neutral  gaa  ia  argon  we  find 

n  (cB  =  4.4  X  10^^  ff  (Bho/B) .  (A1.6) 

Likewiae,  trtiile  uaing  nitrogen  the  relationahip  ia 

n  (cb  =  1.33  X  10^^  V  Imho/m)  .  (A1.7) 
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Appandix  2.  Two  Coil  Conductivity  Probe 

The  two  coil  conductivity  probe  wwe  originally  diecuesed 

(27) 

by  Mikoahiba  and  Swy  The  theory  aaauwea  that  the 

conductivity  of  the  medium  ia  a  acalar  quantity.  If  one 
aaaumea  that  the  plaama  denaity  or  conductivity  ia 
homogeneoua  (over  a  radiua  r  $  a)  the  theory  ia  greatly 
aimpiified.  Our  atarting  point  ia  a  ayatem  of  coupled 
e<iuationa  given  by  Faraday* a  and  Ampere* a  lawa: 

vxE  =  -iU|iH  (A2.1) 

vxH=  (flr4iuc  )  B.  (A2.2) 

iwt 

Where  a  harmonic  time  dependence  ia  uaed  (e  }  ,  0^  la  the 
aaaple  conductivity,  and  £  and  p  are  the  dielectric 
permitivity  and  magnetic  permeability .  The  field  co^ponenta 
are  ,  and  H2-  After  aome  algebra  one  finda  that  the 

field  coiq>onenta  are: 

Hp(r.z)»  (A  Ji(a  r)  +  B  Tj (a  r))e""*  (A2.3) 

H^(r,z)=  (F  jQ(a  r)  +  Q  To(«  r))e'“  (A2.4) 

m*  - 

E^(r,z)=  -  -  (H  Ji(a  r)  +  L  Ti(a  r))e  (A2.5} 

m  (0  iw€) 

Where  A,  B,  F.  Q,  H,  and  L  are  conatanta  to  be  aet  by  the 

boundary  conditiona.  J  and  T  are  ordinary  Beaael  and  Heumann 

2  2 

functiona  of  order  0  and  1.  The  final  paraimetera  are  a  =  m 

♦  k*  -  i  with  m  the  eigenvalue  from  d^Z/dz^  *  Z,  k^  = 

2  2  2  2  2 
u  ii£ ,  and  X  »  ufta .  We  alao  define  a  parameter  y  =  m  -  k  , 

iriiere  a  la  replaced  by  y  for  r  >  a  (idiere  0  =  0). 

■ow  for  r  <  a,  one  wanta  the  aolution  to  be  bovinded. 
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this  iaplies  that  B  »  q  =  s  o.  Using  the  eqiiation 
from  Ampere’s  law  shows  that  for  r  <  a,  A»Hs(B/a)F.  Likewise 
for  r  >  a,  again  A=H»(m/T)Fs  fi  and  B=a=(m/T)Ls  n-  We  also 
know  that  the  field  components  must  be  continuoxis  at  r  =  a 
for  all  z.  This  requires  that  a  be  the  same  for  r<a  and  r>a. 
The  field  components  are  then  given  by: 

r  <  a  r  >  a 


Bp  =  A  Jj (ar)e 


Hp  =  (^JjCtr)  ♦  T^Ti(‘rr))e 


=  —  AJo(ar)e 


H,  =  -  (/}Jo(TP)  ♦  nTotTr))e‘ 


m(s4lwc)  miti>« 


Bequiring  continuity  of  the  fields  at  r  »  a,  we  can  write  $ 
and  It  in  tersui  of  A  and  the  Bessel  and  Heumann  functions 
evaluated  at  r  -  a.  The  constant  A  is  determined  from  the 
fact  that  for  tr  =  0  we  know  that  H^Crsb,  z=0)  =  I/p  where  I 
is  the  current  through  the  driver  coil  and  p  is  a  geometry 
factor.  Therefore: 


A  =  (Ji(Ta)  To(t«)  -  Ti(Ta)  Jo(Ya)) 

X  ■(  TJiCaa)  [  Jq  (Yb)  Tq  (Ta) -Tq  (Yb)  Jq  (Ya)  ] 

4aJo(aa)  [ Ji (Ya)To (Yb) -Jo (Yb) Tj (Ya) .  (A2.6) 

Then  substituting  into  the  equations  for  Hp  and  at  r  =  a 
one  f inds  that 
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8  =  ^1  <»*)Tn(ira)  -  (a/T)  Jft(a_a)_Yi.(Tb)  \ 

^  ^  \  Ji(Ta}To(Ya)  -  Ti  (ra)  Jq Wa)  /  IA3.7J 

-  -  *  y  -Ji  («a)  Jn(Ta)  ♦  («/t)  JnCaa)  Ji  (ira)  \  , 

^  ^  \  Ji(Ta)To(Ta)  -  Ti(Ta)Jo(Ta)  /  ’ 

Tha  above  foraaliSM  ia  iiaed  to  find  for  r  >  a.  Then 
ia  uaed  to  deteraine  the  volta^ea  induced  on  the  receiver 
coila  for  caaea  with  and  without  a  conducting  waterial 

within  the  coila.  The  voltage  induced  on  one  receiver  coil 
while  the  conducting  aediuai  ia  inaide  the  probe  ia  T  =  2  n  b 
E«(r=b.  a>0) .  The  induced  voltage  without  the  conducting 
■ediua  ia  Vq  ^  2  n  b  E^(r-b,  e-0) .  The  ratio  of  the  two 
voltagea  ia  given  by: 


V  Jo<1fb) 


Vo  Ji(Tb) 


(A2.9) 


triiere 


T  Ji(aa)  Cj  a  Jo(aa)  C2 
*(<rf)  =  - 

T  Ji(ea)  C3  a  Jo(aa)  C4 

Cj  *  Ji(Trb)  To(Ta)  -  Jo(Tra)  Yi(Tb) 

C2  =  Ji(lfa)  TiCTb)  -  Ji(Tb)  Tj  (Ta) 

C3  =  Jo(irb)  To(Ta)  -  JoCTa)  To(Tb) 

C4  =  Ji(Ta)  To(Tb)  -  Jodrb)  Ti  (ra)  . 

The  equation  for  V/Vq  haa  been  evaluated  by  coiq>uter  for 
a  range  of  ef  values.  These  values  of  V/Vq  can  then  be  uaed 
to  deterBd.ne  the  conductivity  idien  the  frequency  ia  known  or 


the 


frequency  when  the  conductivity  ia 


known . 


For 


v«rification  purpotfea  the  frequency  can  be  varied  while  e,  a, 
and  b  are  held  constant.  The  variation  with  frequency  should 
generate  a  graph  as  shown  in  Fig.  A2.1. 

The  useful  frequency  range  is  found  by  looking  at  both 
receiver  coils  independently  for  a  given  conductivity  sanple. 
The  Magnitudes  of  the  voltages  weasured  by  each  coll  should 
be  equal.  When  wide  disagreeaent  of  the  voltages  occurs,  the 
useful  frequency  range  has  been  exceeded. 

For  the  probe  used  the  useful  range  of  the  product  ef  is 

a  11 

10  to  10  Hz-aho/w.  For  exaiq>le,  using  Poco  graphite  idiich 
has  a  conductivity  of  order  10^  aho/a  restricts  the  useful 

a  0 

frequency  range  to  10  Hz  <  f  <  10  Hz.  Likewise  for  a 
plasaa  with  a  conductivity  of  order  10  to  100  aho/a  liaits 
the  useful  frequency  range  to  be  10^  Hz  <  f  <  10^  Hz. 
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Appendix  3.  Criteria  for  TrandBieeion  throu^b  *  Dielectric  Window 

The  relationship  between  frequency.  wavelength,  and 

window  thickness  is  derived'  in  this  appendix.  The 

derivation  is  independent  of  the  microwave  power  level ,  but 

the  'angle  of  Incidence  is  aesuaed  to  be  very  small ,  measured 

from  the  surface  normal.  The  geometry  is  shown  in  Fig.  A3.1. 

The  angle  of  incidence  is  exaggerated  for  clarity.  We 

define  the  following  quantities  for  waves  propagating  toward 

rj^  and  t^  are  the  reflection  and  transmission 

coefficients  at  interface  A,  and  rp  and  tg  are  the 

coefficients  at  interface  B.  In  addition  we  need  coefficients 

»  •  »  » 

for  propagation  toward  -w  and  we'll  use  rj|,  t^,  rg,  and  tg 

where  the  convention  is  consistent  with  earlier  use.  How 

using  an  incoming  wave  from  -«•  of  amplitude  Eq.  the  rays  r^Eo 

and  tgEo  are  generated  at  interface  A.  The  transmitted  wave 

ikd 

travels  to  the  second  surface  with  a  phase  change  of  e  due 
to  the  distance  traveled  and  then  we  generate  a  reflected 
wave  rgtgEg  and  a  transmitted  wave  tgtgEQ.  The  reflected 
wave  from  interface  B  will  generate  an  infinite  number  of 
waves  of  decreasing  amplitude.  Sumeiing  all  the  waves 
propagating  from  interface  A  toward  We  find: 

E,  =  Eq  (r^  ♦  tgrgtg  e  ♦  tgrg  r^t^  e  +  . . . ) 

i2kd  ,  T  t  ’  i2kd.m. - 
*  Eq  (r^  ♦  tgtj^rg  e  (  E.  (rgr^  e  )  )) 

»  #  ^  i2kd  ,,  ’  i2kd. -1. 

=  Eq  (rg  ♦  tgtgrg  e  (1  “  **B^A  *  )  )  .  (A3.  1) 

Where  k  -  2  n  n/X ,  n  is  the  index  of  refraction  of  the  medium 

at  wavelength  X,  and  d  is  the  window  thickness.  We  also 

assume  that  a  plane  wave  is  incident  irtiich  means  that  Hq  = 
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have 


equated  the 


Eq  ,  Hp  s  -Ep ,  and  =  n  E^  triiere  we 
aaplitudefl  of  the  incident,  reflected  and  transmitted 
electric  and  magnetic  fields.  The  matching  condition  on  the 
tangential  coBq>onents  of  the  electric  and  magnetic  fields  at 
interface  A  are: 


Eq  ♦ 

«*aHo 

=  *aHo 

or  1  ♦  **A  ® 

(A3. 2) 

and 

Ho 

♦  Hr 

“  Ht 

or  1  -  rA  *  n^A  =  n  ♦  nrA 

(A3. 3) 

therefore 

•“A  = 

(1  -  n)/(l  ♦  n) . 

(A3. 4) 

Vow  the  matching  condition  at  interface  B  is; 


1  ♦  rB  ®  tB 

(A3. 5) 

and 

1  -  rB  =  tB/n 

(A3. 6) 

or 

rB  *  (n  -  l)/(n  ♦  1)  = 

“**A- 

(A3. 7) 

He 

» 

also  know  the  Stoke *s  relations  rA  ^ 

-rA  snd  1  ® 

tAtA  ♦ 

2 

r^  .  These  tell  us  that: 

-  r  ’  i2kd  ^  i2kd,.,,  *  i2kd, 

Ep/Eo  »  Crj^  -  rj^rgrj^  e  ♦  >*B^A^A  •  l/d  -  **B*’A  ®  > 

,  ^  i2kd,^  \  w/,  ’  12kd- 

=  [r^  ♦  rg  e  (t^tj^  -  -  rgr^^  e  ) 

*  Cr^  ♦  rB  e*'^^**l/(l  ♦  rBr^  e*^*^**)  .  (A3. 8) 

i 2kd  i 2kd 

If  Ep  =  0,  rj^  rB*  =0.  So  that  or  e  =1.  The 

latter,  more  general,  condition  requires  that  2kd  =  2nf  triiere 

i  is  an  integer.  The  condition  then  is  d  -  ^  (X/n)i,  i.e. 

the  window  must  be  an  integral  number  of  half -wave lengths  in 

the  medium  of  the  window. 
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Appendix  4.  Microwave  Oetectorfl  end  Calibration 

The  apparatus  used  for  aeasuring  the  various  signals 

from  the  Magnetron  are  typically  uncalibrated.  One  has  to 

use  tables  or  graphs  to  relate  the  Measured  output  to  the 

app].ied  input.  A  systeM  of  hardware  and  software  exists  to 

(32,33) 

acquire  and  reduce  calibration  data 

The  hardware  involves  a  coaputer  controller,  a  CAMAC 
crate  containing  an  analog  to  digital  converter (ADC) ,  and  a 
Hewlett-Packard  sweep  oscillator.  The  coaputer  is  used  to 
direct  the  sweep  oscillator  as  a  standard  output  source,  and 
the  aeasxireaents  with  the  various  detectors  are  Measured  by 
the  ADC  and  stored  by  the  coaputer.  The  inputs  to  the 
coaputer  are  stored  into  a  data  file  for  later  processing  by 
other  software  on  a  aini-coaputer  into  a  useable  fashion. 
There  is  soae  additional  hardware  used,  idiich  includes 
theraistor  and  theraocouple  rf  power  asters,  x-y  chart 
recorders,  and  a  frequency  counter. 

The  devices  we  need  to  calibrate  are;  1)  crystal  diode 
detectors,  2)  coaxial  and  waveguide  directional  couplers,  3) 
standard  waveguide  sections,  and  4)  coaxial  cable.  All  of  the 
above  diagnostic  cosqionents  are  power  level  insensitive 
except  for  the  crystal  detectors.  Therefore  our  typical 
calibration  will  involve  varying  a  continuous  wave  rf  source 
in  frequency  and  Measuring  the  ratio  of  input  to  output 
power.  The  crystal  diode  detectors  require  variation  of  the 
power  level  and  is  done  by  an  additional  prograa  loop  fdiich 
coapletes  the  variation  of  the  frequency  at  each  power  level. 
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•fe  begin  our  diecuaeion  with  the  calibration  of  the 
pickoff  ratio  of  the  coaxial  and  waveguide  directional 
couplers.  Mext  the  calibration  of  the  loss  by  coaxial 
attenuators  and  coaxial  cables  are  discussed.  Finally  the 
calibration  of  the  response  of  the  crystal  detectors  to  the 
applied  wicrowave  signal  is  discussed. 

The  directional  couplers  are  calibrated  by  weasuring  the 
power  on  both  the  direct  or  through  port  and  the  pickoff  port 
as  a  function  of  frequency.  The  power  is  aeasured  by  power 
■eters  and  the  output  sent  to  the  ADC  for  acquisition  by  the 
coaputer.  The  data  file  generated  then  has  three  entries  per 
line  (after  the  header  data  block)  iriiich  are:  1)  frequency, 
2)  through  power  level,  3)  pickoff  power  level.  A  program 
is  used  to  take  the  sMasured  data  and  coBq>ute  the  dB  value  of 
the  pickoff  port  below  the  through  power  as  a  function  of 
frequency.  The  dB  value  is  coiq>uted  as: 

dB  =  10  log(Pi„/Pout>  (A4.1) 
The  prograsi  also  generates  a  graph  of  the  dB  value  vs . 
frequency,  and  writes  a  data  file  of  the  frequency  and  dB 
value.  Both  are  used  in  data  reduction. 

The  coaxial  attenuators  and  cables  are  calibrated  in  the 
following  fashion.  Two  coaxial  directional  couplers  are  used 
to  measure  the  power  towards  the  test  object  and  the  power 
reflected  from  the  test  object.  Power  meters  are  used  to 
measure  the  power  on  the  pickoff  ports  of  the  directional 
couplers.  A  third  power  meter  is  used  on  the  end  of  the 
device  under  test  (cable/attenuator) .  A  data  file  is 
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gen«patad  listing  the  frequency.  incident  pickoff  potver , 
reflected  pickoff  power,  and  through  power.  This  raw  data 
file  is  then  accessed  by  another  program  to  again  co^ute  the 
dB  vs.  frequency  for  a  test  object.  This  calculation 
involves  deciding  if  the  reflected  power  is  to  be  used  in 
coiq>uting  a  net  power  applied  to  the  test  object.  One  has 
the  option  of  using  either  the  net  power  or  incident  power 
for  the  calibration.  Again  a  graph  of  dB  vs.  frequency  and  a 
data  table  are  generated  for  later  use. 

As  stated  above,  crystal  calibration  involved  some  extra 
work.  The  two  coaq>li  cat  ions  are  power  variation,  and  small 
signal  levels.  The  power  sweep  is  incorporated  as  another 
loop  in  the  program.  The  program  sets  the  power  level .  loops 
through  the  frequency  ramge.  increments  the  power  level, 
loops  through  the  frequency  range,  and  repeats  until  all 
power  and  frequency  values  are  measured.  The  small  signal 
level  is  due  to  the  limited  power  handling  ability  of  the 
crystals  themselves,  and  the  power  output  ability  of  our 
sweep  oscillator.  This  problem  is  made  worse  by  the  input 
voltage  ranges  available  on  the  ADC.  When  one  has  a  signal 
<20  mV  on  a  5  V  full  scale  range  for  a  12  bit  ADC  one  loses 
almost  all  the  accuracy  of  one’s  measurement.  A  solution  to 
this  is  a  variable  gain  amplifier.  One  simply  sets  the 
amplifier  to  a  selected  value,  read  the  voltage,  and  then  in 
software  divide  by  the  gain  value.  The  amplifier  uses  a  741 
operational  amplifier  with  a  potentiometer  to  give  a  variable 
gain  inverting  amplifier.  The  amplifier  inverts  the  signal 
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b«cau8«  the  ADC  ie  setup  for  a  positive  input  and  the  crystal 
detectors  are  setup  to  provide  a  negative  voltage  at  the 
output . 

The  data  files  generated  for  the  crystals  have  the 
following  foraat  for  each  power  level  used  in  the 
calibration.  A  line  is  written  showing  the  power  level.  On 
the  next  line  the  frequency  of  the  oscillator,  the  power  from 
the  oscillator  on  the  incident  directional  coupler, the  power 
reflected  from  the  crystal  on  the  reflected  directional 
coupler,  and  last  in  the  row  is  the  crystal  voltage  into  a 
50  0  terminator.  The  data  file  is  then  used  by  a  program  to 
generate  two  sets  of  tables  and  graphs.  One  of  the  tables 
shows  the  applied  power,  either  net  or  incident,  as  a 
function  of  the  oscillator  power  output  and  frequency.  The 
second  table  shows  the  measured  crystal  voltage  as  a  fxinction 
of  the  oscillator  power  output  and  frequency. 

The  two  data  files  can  then  be  accessed  by  another 
program  triiich  computes  the  crystal  voltage  as  a  function  of 
power  for  a  chosen  rf  frequency.  This  program  has  been  setup 
to  allow  one  to  give  it  a  measured  voltage  and  baaed  on  the 
two  calibration  files  the  program  will  provide  the  rf  power 
level  that  generated  the  voltage.  This  is  done  by  xising  a 
cubic  spline  interpolation  on  the  measured  values.  Having 
the  program  compute  the  answer  gives  one  at  least  three,  and 
possibly  four,  significant  digits. 
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Appandix  5.  Intar faroaeter 

(1  2) 

Tha  thaory  bahind  iiaing  an  intar faroaatar  to  ralata 
tha  changa  in  phaaa  to  a  change  in  the  plasaa  density  is  wall 
understood  for  systeas  using  aicrowave  frequencies  with 
critical  densities  far  above  the  plasaa  density.  The 
difficulty  coaas  in  «riian  one  tries  to  interpret  tha  phase 
change  as  tha  plasaa  approaches  tha  critical  density.  All 
the  approx iaat ions  typically  used  are  useless,  and  other 
techniques  such  as  nuaerical  integration  aust  be  used  to 
relate  aaasxired  phase  changes  to  related  plasaa  density 
changes . 

This  technique  has  been  used  on  both  argon  and  nitrogen 
and  a  discussion  of  the  aethod  is  given  below.  The 
relationship  between  the  change  in  phase  and  the  plasaa 
density  is: 


AA(t)  =  f  "(1  -  n(z,t))  dz  (A5.1) 

~**w 

«diere  n(z,t)  <  1  is  the  index  of  refraction  of  the  plasaa 
coluan.  The  variable  of  integration  is  the  diaaeter  of  the 

plasBia  coluan.  For  the  systea  under  consideration  n(z,t)  = 

% 

€  (z,t)  fdiere  e  is  the  dielectric  constant.  The  z  dependence 

is  given  by  [l-(z/r^)^],  while  the  tiae  dependence  for  Argon 
- 1  ~vt 

is  [1  *  fiti  and  for  M2  is  e  The  equation  then  becosies: 


2) 


irtiere  g(t)  la  a  generic  function  to  cover  the  decay  for  both 
argon  and  H2>  The  front  factor  of  2  is  due  to  using  the 
sysMetry  of  the  plasaa  colxian  to  speed  the  nuaerical 
integration. 
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On*  iBMidiate  observation  Is  that  if  th*  density  on  axis 
is  beyond  cutoff  there  will  be  a  tine  delay  before  any 
Bucrowav*  power  is  detected  on  the  far  side  of  the  plasma. 
^  A|[ain  the  only  problem  is  having  sufficient  knowledge  about 

the  density  profile  along  the  path  of  integration. 
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